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ABSTRACT 



The mysterious high galactic latitude cometary globule (CG) CG 12 has been 
observed with the ACIS detector on board the Chandra X-ray Observatory. We 
detect 128 X-ray sources, of which a half are likely young stars formed within 
the globule's head. This new population of > 50 T-Tauri stars and one new 
embedded protostar is far larger than the previously reported few intermediate- 
mass and two protostellar members of the cloud. Most of the newly discovered 
stars have masses 0.2 — 0.7 Mq, and 9 — 15% have i^-band excesses from inner 
protoplanetary disks. X-ray properties provide an independent distance estimate 
consistent with CG 12's unusual location > 200 pc above the Galactic plane. The 
star formation efficiency in CG 12 appears to be 15 — 35%, far above that seen in 
other triggered molecular globules. The median photometric age found for the T- 
Tauri population is ~ 4 Myr with a large spread of < 1 — 20 Myr and ongoing star 
formation in the molecular cores. The stellar age and spatial distributions are 
inconsistent with a simple radiation driven implosion (RDI) model, and suggest 
either that CG 12 is an atypically large shocked globule, or it has been subject 
to several distinct episodes of triggering and ablation. We report a previously 
unnoticed group of B-type stars northwest of CG 12 which may be the remnants 
of an OB association which produced multiple supernova explosions that could 
have shocked and ablated the cloud over a 15-30 Myr period. HD 120958 (B3e), 
the most luminous member of the group, may be currently driving an RDI shock 
into the CG 12 cloud. 
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Introduction 



Star formation in the Galaxy occurs on all scales from a small globule collapsing into 
a single star with planetary sys tem to a giant molecular cloud complex forming rich stellar 
clusters (lElmegreen et al.l |2000| ) . Most stars form in gravitationally unbound groups, and 
many of these ar e relatively sparse g roups with 10 — 100 members and initial surface density 
< 100 stars/pc^ ( IClarke et al.ll2000l ). Unbound sparse clusters are difficult to study because 
their members quickly disperse and are not easily discriminated from the older Galactic field 
population. X-ray selection is effective here: median X-ray luminosities of pre-main sequence 
stars are 30 (5) times higher than ZAMS Pleiades-age stars, and 500 (500) times higher 
than solar neighborhood stars for M ~ 1 (0.3) Mq stars (jPreibisch fc Feigelsonll2005l ). X-ray 
surveys are also effective in identifying young stars which have lost their protoplanetary disks, 
and thus effectively co mplement infrared surveys that preferentially select for disk emission 
( iFeigelson et al.l 120071 ). For example, i? 05"^ T studies were responsible for locating most 
kno wn dispersed ^ 10 Myr old stars associat ed with the TW Hya and r] Cha associations 



Webb et al.l Il999l : iMamaiek et al.ll2000l ). while XMM-Newton studies are helping t o 



(e.g. 

identify ~ 5 Myr old members of the Upper Scorpius association (lArgiroffi et al. 



20061). 



Chandra exposures resolve substantial pre-main sequence (PMS) populations embedded in 
cloud cores (e.g., NG C 1333. lGetman et al.ll2002l ). in rich clusters (e.g., Orion Nebula cluster. 



Getrnan et al.ll2005ar) . and in sparse gravitationally bound multiple systems ( IFeigelson et al. 
2003h . 



Some progress is being made towards characterizing the population, dynamics, and 



partic ularly the protoplanetary disk evolution of stars born in sparse clusters. iMegeath et al. 



(120051 ) employed Spitzer IRAC photometry to detect a 40% disk fraction around late-type 
members of the 8 Myr old rj Cha cluster at ci = 100 pc. This disk fraction is higher than 
expected from studies of richer cl usters where a 6 Myr maximum lifetime for inner disks 
was derived by lHaisch et al.l (120011 ). This argues against a single dissipation timescale for all 



environments and all disk radii. Spitzer IRS spectroscopy of rj Cha stars by lBouwman et al. 



(120061 ) show that the dissipation timescale may be a strong function of binarity, with disks 
lasting longer around single stars. 

We report here a new X-ray selected sample o f young stars to further t hese studies. 
The target is cometary globule CG 12 (= MBM 112) (iHawarden fc Brandlll976l ). a relatively 
poorly studied small star forming region at high galactic latitude (/, 5) = (316°, 21°), which 
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is producing a sparse unbound cluster of young stars. Shown in Figured! the head of CG 12 
is the reflection nebula NGC 53 67 (= GN 13.5 4.7) illuminated by the double B4 + B7 star 
Herschel 4636 (= CD -39°8581) (lHerschellll847l). S i gns of ongoing star for r aation include CO 
molecular cores Jvan Till et al]ll975l: Iwhitel Il993l: lYonekura et al.lll999l : iHaikala fc Olbergl 
2006), severa l IRAS sources Jwhitel l Il993 : Isourke et al.lll995al). a bipo lar molecular outflow 
(White 1993 ). and three stars with K-band excesses (jsantos et al. 1998 ). Optical photometry 
and spectroscopy of the brightest stars in the region reveal three B type (B4, B7, B8) 
and two A type (A2 + A4) candidate members (jvan Till et al.l 1 19751 : IWilliams et al.l 119771 : 
Maheswar et al.ll2004l ). The most recent mass estimate for the total of all three molecular 
cloud cores (CG 12SW, CG 12S, and CG 12N) found in CG 12, ranges from 100 to 250 M© 
with the peak c olumn density through the densest core, CG 12N, of ~ 2.2 x 10^^ cm~^ 
{Ay ~ 13 mag) (IHaikala &: Olbergj|2006l ). Due to its high Galactic latitude, contamination 
by field stars and obscuration by foreground interstellar matter is much lower than for most 
star forming regions. 

Compact CGs, along with other Bok globule s, are interpreted as the last vestiges of 
the m olecular cloud that gave birth to OB stars (iBok fc Reillyi 119471 : iHawarden fc Brand 
19761 ). CGs are distributed widely across the Milky Way but are rarely found at high 
latitude (iBourke et al.l Il995al ). Most lie within giant HII regions such as IC 2944, the 
Rosette and Carina nebulae, and most prominently in the huge expanding Gum Nebulae 
surrounding the Vela 0B2 association. CGs are modeled as externally illuminated, pho- 
toevapora ted and ablated into elongated head-tail morphologies by ultraviolet radiation of 
OB stars (iReipurthI Il983l ) . It is likely that pressure from the ionization shock front at the 
surface propagates through a globule and overcomes the magnetic, turbulent and thermal 
pressure that supports it against collapse, thereby triggering star formation. This process 
of radiation-driven implosion (RDI) in molecular glob ules was originally studied through 
analytical m odels for spherical clouds (IBertoldil Il989l ) and 2-dimensional hydrodynamical 
calculations (ILefloch fc Lazarefllll994l . Il995l ). Recent 3-dimensional calculations of RDI pro- 
cesses in molecular globu l es, inc ludin g self-gravit y , heat ing, and cooling, are presented by 
Kessel-Deynet fc BurkertI (120031 ) and iMiao et al.l (120061 ). The characteristic timescale for 
producing cometary morphologies and inducing gravitational collapse is 0.1 — 0.5 Myr. 



Generally, the stellar populations of these isolated triggered star formation regions are 
poorly known. Some globules show clear evidence for embedded young stars, such as IRAS 
sources, while others do not. Ha and JHK surveys of bright-rimmed globules containing 
embedded IRAS sources revealed several cases with small clusters of T Tauri and ii'-band 



excess stars within an d in front of the bright rim (ISugitani et al.l Il995l : lOgura et al.l 12002 



Thompson et al.l 120041). Molecular outflows and masers are fou nd in several globule cores 
with IRAS sources iDe Vries et al.l I2OO2I : lUrquhart et^ bood ). Directly supporting the 
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RDI triggering mechanism, age gradients in the stellar population (where the youngest stars 
are embedded and older stars are aligned toward the ionizing sources) have been recently 
report ed in irradiated molecul a r globules within the large IC 1848 a nd IC 1396 HII re- 
gions (IMatsuyanagi et al.ll2006l : lOgura et al.ll2006l : iGetman et al.l 120071 ). For example, our 
Chandra/ Spitzer study of IC 1396N revealed a spatial- age gradi ent in the globule from 
Class III to Class I/O among 25 young objects (IGetman et al.l 120071 ) . 



The existence of any star forming dark cloud at Galactic location (/, 6) = (316°, 21°) 
is unusual, and the cometary structure of CG 12 in such an isolated environment is even 
more mysterious. There are no reported luminous OB-type stars at even higher latitudes to 
produce the head-tail morphology with its tail pointing towards (not away from) the Galactic 
plane. The origin of CG 12 is thus uncertain. IWilliams et al.l (|l977l ) suggested that a high 
latitude supernova explosion (I ~ 320°, h ~ 30°) could have ablated the cloud and triggered 
star formation. We develop these ideas here and identify a specific stellar group which may 
be responsible for compressing and ablating the CG 12 cloud. 

The CG 12 population is likely to be far larger than that of previously studied molec- 
ular globules. The presence of five interm ediate- mass (2 < M < 7 Mq) B4-A4 stars 
( IWilliams et al.lll977l : iMaheswar et al.ll2004l ) demands the presence of ~ 30 stars with masses 
0.5 < M < 2 Mq and y 50 stars wit h masses 0.2 < Af < 0.5 M©, assuming a Galactic field 
Initial Mass Function (lKroupall2002l ). Thus, roughly a hundred cloud members are expected 
to be present. A fraction of these stars have already been detected in X-rays, although the 
result has not been published. An archived 9 ks ROSAT-V&VC image (obtained to study 
shadowing of the soft X-ray background by CG 12) harbors ~ 30 soft X-ray sources within 
the globule's head and in the arc around the globule (Figure [2]). Most of those are clearly 
not background sources, as the remainder of the ROSAT field is nearly empty. CG 12 thus 
appears to be the most active star forming center among the known cometary globules, and 
should provide a valuable laboratory for testing theories of triggered star formation. 

This paper begins a study of the CG 12 stellar population based on an X-ray survey 
designed to address the issues outlined above. We discuss the population, spatial and age 
distribution, dynamics, and star formation history. We suggest how a CG morphology 
arose at this atypical isolated location. Our work is based on a mosaic of four images 
obtained with the Chandra X-ray Observatory combined with published optical, infrared 
and radio data. With its excellent mirrors and detectors, Chandra achieves an order-of- 
magnitude improvement in sensitivity and spatial resolution compared to ROSAT . Our 
planned new optical and Spitzer-\YiKC studies of the CG 12 stellar population will be 
described in subsequent papers. 



The Chandra observations of CG 12 and source list are described in §2l optical and 
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near-infrared (ONIR) counterparts to Chandra sources are presented in S|3], and evaluation 
of X-ray contaminants unrelated to the cloud is provided in §H The X-ray and ONIR 
properties of most of the discovered T-Tauri stars with a preliminary analysis of their disks 
and kinematics are reported in §2.31 and O Discussion of the distance to CG 12 is presented 
in f|6l The inferred global properties of the CG 12 stellar population, including its age 
distribution, star formation efficiency, and spatial structure appear in ^ We end in §8] with 
a discussion of the new observational findings and their implications for the history of star 
formation and origin of CG 12. 

2. The Chandra Observations and Analysis 
2.1. Observation and Data Reduction 



The current project combines four X-ray observations of the globule, one primary field (I 
in Fig. [1]) with ~ 31 ks exposure directed at the globule's core and three secondary fields (II, 
III, and IV in Fig. [1]) with ~ 3 ks exposures positioned contiguously to the north and west 
of the core. The primary pointing is intended to detect the population of pre-main sequence 
stars forming in the molecular head of the globule. The secondary pointings are designed to 
locate an older population of stars expected if the present cloud is only the ablated remnant 
of a larger cloud that experienced sequential star formation triggering events, sim ilar to the 
sequence of stars found in our Chandra study of IC 1396N (iGetman et al.l 120071 ). 



The observations were obta ined with the ACIS camera (iGarmire et al.ll2003l ) on-board 
Chandra ( IWeisskopf et al.ll2002l ) as described in Table 1. For each observation we consider 
here only results arising from the imaging array (ACIS-I) of four abutted 1024 x 1024 pixel 
front-side illuminated charge-coupled devices (CCDs) covering about 17' x 17' on the sky. 
The S2 and S3 detectors in the spectroscopic array (ACIS-S) were also operational, but as the 
telescope point spread function (PSF) is considerably degraded far off-axis, the S2-S3 data 
are omitted from the analysis. All four observations were performed during a quiet phase of 
solar activity; no background flares due to particle contamination were encountered. 



Data reduction follo ws procedures s i milar t o those described in detail by lTownsley et al. 



( l2003l . Appendix B) and lGetman et al.l (l2005ar). Briefly, the data are partially corrected for 
CCD charge transfer inefficiency (ITownsley et al.ll2002l ). selected by event "grade" (only 
ASCA grades 0, 2, 3, 4, and 6 are accepted), "status", and "good-time interval" filters, 
trimmed of background events outside of the 0.5 — 8.0 keV band, and cleaned of hot pixel 
columns with energies of < 0.7 keV left by the standard processing. The slight PSF broad- 
ening from the Chandra X-ray Center's (CXC's) software randomization of positions is re- 
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moved. Based on several dozen matches between bright Chandra and 2MASS point sources, 
we apphed a small astrometric correction to source positions to place the absolute astrometry 
to the Hipparcos reference frame. These and later procedures were performed with CI AO 
software package 3.3, CALDB 3.2.1, HEASOFT 6.1.1, CTI corrector version 1.44, and the 
ACIS Extract package version 3.94. The latter two tools were developed at Penn State and 
are publicly availabl^. 



2.2. X-ray Point Source Catalog 



Figure [3] shows the resulting image of the ACIS-I field after adaptive smoothing with 
the CIAO tool csmooth. More than 100 point sources are easily discerned. Source searching 
was performed with data images and exposure maps constructed at three spatial resolutions 
(0.5, 1.0, and 1.4" per pixel) using the CIAO wavdetect tool. We run wavdetect with a low 
threshold P = 10~^ which is highly sensitive but permits false detections at this point in the 
analysis. This is followed by visual examination to locate other candidate sources, mainly 
close doubles and candidate sources near the detection threshold. Using ACIS Extract, 
photons are extracted within polygonal contours of ~ 90% encircled energy using position- 
dependent models of the PSF. 

Background is measured locally in source-free regions. Due to the very low, spatially 
invariant, ACIS-I background in the Chandra observations of CG 12 there is a one-to-one 
correspondence between a source's significance and net counts (a similar correspond ence is 
seen in the Chandra data of IC 1396 globule, see Figure 2 of iGetman et al.l 120071 ). This 
uniform background is much simpler than in the Chandra Orion Ultradeep Project (COUP) 
observation of the Orion Nebula Cluster wher e source crowding, rea dout trails and PSF wings 
from bright sources complicate the analysis (IGetman et al.ll2005al ). The source significance 
calculated by ACIS Extract is the ratio of the source's net (background-subtracted) counts to 
th e uncertainty on that quantitjj^: Signif = N etFull / a{N etFull) . Following the procedure 
of Getman et al. J2007h . the list of candidate sources is trimmed to omit sources with fewer 



^Descriptions and 



codes 



for 



CTI 



correction 



and 



ACIS 



can be found at 


http : / / www . astro . psu . edu/users/ townsley/ cti/ 


http : //www . astro . psu . edu/xray/docs/TARA/ ae Jisers^uide . html respectively. 



Extract 
and 



^The uncertainty on the net counts is estimated by calculatin g error s ( Gehrelsl 1986 . eqs. 7 and 12) 
on total observed and background counts and then propagating ( LvonsI 199ll eg. 1.31) those errors to 
net counts. More detailed information on the algorithm for calculating source significance can be found in 
the section "Algorithms", subsection "Broad Band Photometry", of the Users Guide for ACIS Extract at 



http : //www . astro . psu . edu/xray/ docs/TARA/ ae jLisers_guide . html 
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than ~ 5 estimated source net counts, NetFull/ PSF frac < 4.5. In the case of CG 12 
observations the above criterion is equivalent to accepting sources with a source significance 
of Signif > 1.1. The resulting catalog of 128 sources is listed in Table [2J 

The ACIS Extract package estimates (often using CI AO tools) a variety of source char- 
acteristics including celestial position, off-axis angle, net and background counts within the 
PSF-based extraction area, source significance assuming Poisson statistics, effective exposure 
(corrected for telescope vignetting and satellite dithering), median energy after background 
subtractioiifl, a variability indicator derived from the one-sided Kolmogorov-Smirnov statis- 
tic, and occasional ano malies related to chip gap or field edge positions. These are all 
reported in Table [2l see iGetman et al.l (l2005al ) for a full description of these quantities. 

Figure H] summarizes extracted properties of the 128 Chandra point sources in four 
dimensions: source position on the sky, median energy of the source photons, and count 
rate. The three known B-type members of the region are detected by Chandra ( §7.ip . 
These are Chandra sources I_57, I_58, and I_74. Most of the unabsorbed X-ray point 
sources (red circles in Figure H]) are likely previously unreported T-Tauri stars formed in the 
cloud (SI El and I7.2p . Sever al bright hard X-r a y sou rces (large blue circles) coincide with 
the C^^O molecular cores of iHaikala fc OlbereJ J2006h : I_45 and I„46 lie within CG 12N, 
and I_54 lies within CG 12S. These are probably embedded protostars (^ and 17731) . Most 
of the remaining X-ray sources (small cyan and blue circles) have no stellar counterparts; 
many of these should be extragalactic contaminants (SI)- 



2.3. X-ray spectral analysis 



For Chandra sources with > 20 net co unts, we perfo rmed spectral analysis with the 
XSPEC spectral fitting package version 12.2 (jArnaudlll996l ). The unbinned sour ce and back- 



groun d spectra were fitted with one-temperature APEC plasma emission models (jSmith et al 



200ll ) us ing the max imum likelihood method which is believed to be well suited to low-count 
sources ( ICashll 19791 ). We assumed 0.3 times solar elemental ab undances previously suggested 
as typical for young stellar o bjects in other star forming regions (llrnanishi. Kovama. &: Tsuboi 
2001; Feigelson et al. 2002). Solar abundances were taken from Anders fc Grevessel (1989 ). 
X-ray absorption was modeled using the atomic cross sections of iMorrison fc McCammon 



(119831 ). 



Best-fit plasma parameters inferred from our spectral fits and derived broadband lumi- 



•^The derivation of median energy of background-subtracted events is given in 



Townslev et al 



( 2006 . 



§3.1). 
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nosities are tabulated in Table [31 See table notes for further details. The derived parameters 
are generally consistent with the correlation between the absorbing column density and 
photometric source median energ y {MedE) found for Orion stars in our COUP study (see 
Figure 8 in iFeigelson et al.ll2005l ). In several cases where the source is not truly associ- 
ated with a CG 12 star (Jg]), source luminosities reported in Table [3] are obviously wrong. 
For instance, hard X-ray source I_2 outside of the molecular cloud is a good extragalactic 
candidate, while an extremely soft X-ray source I_81 is likely to be a foreground star (Q. 



3. ONIR counterparts 



Chandra source positions were compared with source positions from three ONIR cata - 
logs. The Naval Observatory Merged Astrometric Dataset (NOMAD: IZacharias et al.ll2004al ) 
contains astrometric and photometric data for over 1 billion stars derived from the Hipparcos, 
Tycho-2, UCAC2, and USNO-B catalogs. A list of stars around CG 12 with BVRI pho- 
tometry is provid ed by iMaheswar et al.l (120041 ). The Two Micron All-Sky Survey (2MASS; 
Cutri et al.l |2003| ) catalog gives sources down to ~ 15.5 mag. Chandra sources were 
considered to have stellar counterparts when the positional coincidences were better than 1" 
within ~ 3.5' of ACIS-I field center, and 2" in the outer regions of each ACIS-I field where 
Chandra PSF deteriorates. Chandra-2MASS {C handra-NOMAD) median offsets are bet- 
ter than 0.2" (0.3") at the central part of the field and 0.4" (0.5") at larger off-a. xis angles, 
which are similar to those found in the COUP observation (IGetman et al.ll2005al ). We find 
that NOMAD is slightly more sensitive than 2MASS catalog for Chandra counterparts: 55 
(out of 128) X-ray sources have optical counterparts while 47 have 2MASS counterparts. All 
five with optical but without 2MASS counterparts are faint with i? ~ 19 mag sources; some 
of these may be extragalactic. 

Individual ONIR counterparts for Chandra sources are listed in Table H] along with their 
optical VR and NIR JHKg mag nitudes and prop e r mot ions. See table notes for details. 
When an optical counterpart from IMaheswar et al.l (120041 ) is present, its more reliable CCD 
photometry supersedes the photographic photometry from the NOMAD catalog. 

We established in our COUP study of Orion stars that the X-ray median energy, MedE, 



of a P MS star is an excellent surrogate for its line-of-sight obscuration, A'^^^ (IFeigelson et al. 



20051 ). Figure O examines the relationship between the presence of an optical counterpart, 
the X-ray count rate, and X-ray median energy derived from the X-ray photometry (Table [2]). 
The presence of optical counterparts correlates well with low median energy {MedE < 2 keV 
corresponding to log Nh < 22.0 cm~^), but shows little relation to the count rate. From this 
figure, we roughly partition the Chandra sources into three groups which are discriminated 
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by symbol color in Figure HI 



1. Group 1 consists of the 42 unobscured or lightly obscured sources with MedE ^ 1.4 keV 
(red circles in Figure HI) of which 88% are identified with ONIR sources down to R ^ 
19 mag. All 27 of these sources from field I have optical counterparts. In fields II-IV, 
5 out of 15 sources lack optical counterparts (II-4, III_3, IV_4, IV_5 and IV_9). 

2. Group 2 consists of 54 lightly- moderately and some heavily obscured Chandra sources 
with 1.4 < MedE ^ 2.5 keV (orange, green, and cyan objects in Figure Hj). Only 28% 
of these sources are identified with ONIR counterparts. 

3. Group 3 consists of the 32 heavily obscured sources or intrinsically hard X-ray sources 
with MedE > 2.5 keV (blue objects in Figure H]). Only 9% of these sources have been 
identified in ONIR bands. 



To facilitate later photometric study, we have calibrated the photographic -R-band 
magnitudes obtained f rom the NOMAD catalog to the more accurate CCD magnitudes of 



Maheswar et al.l (120041 ). For stars in both samples, we find that USNO-B i?-band magnitudes 



from NOMAD catalog are systematically overestimated by ~ 0.5 mag and can be mostly 
corrected by the linear correction Rnomad,c = 1-03 x Rnomad — 0.92. Figure [6] compares the 
corrected NOMAD and CCD magnitudes. From the figure, we see that the NOMAD values 
are about 0.2 mag too faint for R > 16.2 mag. With these additional corrections, the formal 
la errors for i?-band magnitudes are better than ~ 0.2 mag for all Chandra counterparts 
with R > 12 mag. 



Sources unrelated to the cloud 



Unlike in the highly concentrated ONC cluster in the COUP observation, a significant 
fraction of X-ray sources in Chandra observations of sparse clusters are unrelated to the 
star forming region. To quantify this contamination, we performed detailed Monte-Carlo 
simulations of Galactic fie l d and extrag alactic background contamination populations as 
described in iGetman et al.l (l2005bl . l2006l ) . 



The Galactic field contamination is estimated from simulations of Galactic stellar popu- 
lations by Robin et al. ( 2003 ). henceforth the Besangon mode£|. We convolve the simulated 
stellar population in a Chandra field at {l,b) = (316.5, +21.1) with the X-ray luminosity 



Simulations are provided at |http: //bison. obs-besaxicon. fr/modele/ 
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function s of normal Galactic disk stars in the solar neighborh ood measured from ROSAT 
surveys (ISchmitt et al.lll995l : ISchmittlll997l : iHiinsch et al.lll999l ) and then apply the observa- 
tional limit of our Chandra observations. The Besangon model predicts ~ 100 foreground 
stars (74% M, 10% K, 10% G, and 6% F dwarfs) mostly at distances of 250 - 550 pc with 
one third having ages < 3 Gyr. It predicts ~ 2700 background stars down to < 22 mag 
(18% M, 34% K, 28% G, 18% F dwarfs, and 2% giants) mostly at distances of 0.6 - 10 kpc 
with > 3 Gyr ages. 

Convolving these distributions with the ROSAT luminosity functions, and includ- 
ing the effect of s patia lly-dependent absorption derived from the C^^O column map of 
Haikala fc Olberd (120061 ) (assuming a correspondence of 0.3 K km/s to Ay ~ 1 niag), we 
obtain a predicted X-ray source contamination in the Chandra field I of ~ 4 M and ~ 1 G-F 
dwarfs at distances around 300 pc. Source I_81 is very likely one of these contaminants; it 
has a very soft X-ray spectrum, and has independently been suggested to be a G8— K5 field 
star unrelated to CG 12 (WBLH #4 in lMarraco fc Fortel EgTsTllVIaheswar et al.ll2004f l. No 
more than 1 foreground star of a spectral type G or F is expected in each of the secondary 
Chandra fields (II, III, and IV). The simulations predict that < 2 background giants will be 
present in field I, and no background dwarfs will be detected in any field. 

Contamination by extragalactic X-ray sources will be more important. This is evaluated 
by applying the instrumental background and obscuration effects of the molecular cloud to 
simulated extragalactic X-ray sourc e populations d rawn from the hard band X-ray back- 
ground log N — log S distribution of iMoretti et al. I J2003h. Power- law spectra are assumed 
consistent with flux- dependencies obtained by lBrandt et al.l (120011 ). 



For each of the secondary Chandra fields, the simulations predict from 4 — 11 extragalac- 
tic contaminants. The best AGN candidates in our secondary fields are those without ONIR 
counterparts; we see 19 such sources (Table H]) consistent with the simulations. Most have 
hard band observed X-ray fluxes < 10"^'^ ergs cm~^ s~^ and i?-band magnitud es > 19 mag. 



consistent with measured extragalactic X-ray fiux-i? magnitude dependencies (IBarger et al. 
2OO3I : Isteffen et al.ll2004l l 



The simulations for the primary Chandra field predict ~ 40 — 50 extragalactic contam- 
inants: around half of the contaminants in the range of low hard-band observed fluxes of 
]^g-i4.5_]^g-i4.2 gj,gg (,j^-2 g-1 ^^^^ another half in the brighter range of > 10^^^ ergs cm~^ s^^. 

This implies that most of the Group 2 and Group 3 sources in the field I are expected to be 
extragalactic. The assumption of the existence of some number of pre-main sequence stars 
without optical counterpart^ lightly or moderately embedded in the molecular cloud or lo- 



■^For instance, according to theoretical PMS models CG 12 members with 0.2 — 0.5 M0 and ages > 4 Myr 



cated behind it introduces some confusion between the simulated number of extragalactic 
contaminants and the expected low-mass T-Tauri members of the region from Group 2. 



4.1. Counterpart summary 

Based on the spatial distribution of Chandra sources (Figure Hj), the link between optical 
counterparts and low obscuration (Figure [5]), and the results of these simulations of Galactic 
and extragalactic contaminants in the Chandra fields, we thus emerge with the following 
results. With the exception of a few foreground stellar contaminants, most of the 42 Group 1 
sources [MedE < 1.4 keV) are probably lightly-obscured low-mass T-Tauri stars emerged 
from the CG 12 molecular cloud. With the exception of a few hard X-ray sources spatially 
coincident with the cores of the molecular cloud ( §7.3p . most of the 32 Group 3 sources 
{MedE > 2.5 keV) are likely extragalactic background contaminants unrelated to the CG 12. 
Among the remaining 54 Group 2 sources (1.4 < MedE < 2.5 keV), some can be PMS stars 
embedded in the cloud or located behind it, and some can be extragalactic background 
contaminants. The 15 of these 54 with ONIR counterparts are very likely to be YSOs. In 
total, about 60 young stars are X-ray detected, increasing the known population of the cloud 
by a factor of ~ 10. 



5. ONIR properties of Chandra sources 

5.1. Color- magnitude and color-color diagrams 

Figures [7] and [H] present ONIR properties for most of the Chandra sources with ONIR 
counterparts based on the photometric data in Table |H The R vs. R — K color magnitude 
diagram in Figure [7] has 32 Chandra sources with i?-band magnitudes and high-quality 
2MASS photometrjo. Two lightly-obscured and two embedded protostellar candidates are 
added in the J — H vs. H — Kg color-color diagram in Figure El 1-29, I_44, I_45 and I_46. 
Several brighter sources with i? < 12 mag, for which the photographic-CCD photometric 



will have i? > 19 mag {— no optical counterpart), if subject to absorption Ay > 2 mag. 

^We restrict the sample here mostly to 2MASS sources with AAA photometric flags and 000 confusion 
flags which have typical JHKg color errors < 0.03 mag. The quality is lower for four sources: I_57, I_66, 
I_73, and 111^7). JHKg magnitudes in Figure[8]are in the 2M ASS photometric system , whereas in Figure 
magnitudes have been transformed to the color system of iBessell fc BrettI (jl988l ) to be in agreement 
with i?-band magnitudes transformed to the Johnson ( 196^1 ) system here. 
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calibration is not known (Figure [6]), are also added in Figure (8) I_57, 1- 70, I_74 an d I_81 



I_84, II_5 and II_12. PMS evolutionary tracks from the calculations of ISiess et al.l (120001 ) 
are shown in both diagrams; a distance of 550 pc is assumed for the conversion of 
absolute to apparent R magnitude in Figure [71 

While accurate classification of the Chandra sources must await our upcoming optical 
spectroscopic measurements, the nature of the sources with known ONIR photometry can be 
estimated from these diagrams. Most are unreddened or lightly obscured {Ay < 2 mag), with 
positions in the color-magnitude diagram consistent with low-mass 0.2 — 0.7 Mq PMS stars. 
A wide spread of ages, ranging from < 1 to ~ 20 Myr, is seen. Although we have not applied 
any reddening corrections, we believe this result is robust since the reddening vector in the 
color-magnitude diagram is nearly parallel to the isochrones. No spatial pattern in ages is 
seen; in particular, we find no indication that stars in the secondary fields are systematically 
older than the lightly obscured stars in the primary field. 

Four stars have JHK colors indicating heavy absorption corresponding to 5 < Ay < 
50 mag: I_29, I_42, I_45, and I_46. The latter two sources and the source I_54 (with no 
ONIR counterparts) are located towards the molecular cores and are likely members of the 
younger embedded in the cloud population of CG 12 ( §7.3p . 

One Chandra star is unusual in its absorption characteristics. The low MedE = 1.2 keV 
of the Chandra source I_29 indicates a low absorbing column density that stands in contrast 
to the higher Ay ~ 6 mag inferred from its JHKg colors. This may be due to binarity, or 
to an unusual disk geometry or gas-to-dust ratio. A similar inconsistency between near- 
infrare d colors and X-ray absorption was found for SVS-16 in the NGC-1333 star forming 



cloud flGetman et al.ll2002[ ). 



5.2. Inner disk emission 

Out of 33 likely low-mass lightly and moderately obscured pre-main sequence stars (not 
including members of the embedded population, such as I_45, I_46, and high-mass candidate 
1-57) in the Figure [8] color-color diagram, 3 — 5 (9 — 15%) appear to have i^-band excesses: 
I_29, I_51, I_84, III_2 and possibly I_66. Three of these stars lie on the edges of the 
molecular cores, and two are far from the cloud (Figure H]). However, the offsets from the 
locus of reddened photospheres is typically small (~ 0.1 mag), and the K-hand offsets may 
not be statistically significant in all cases. In the other direction, several highly obscured 
sources (established from their high values of MedE) are not seen by 2MASS, and members 
of the embedded population are more likely to have heavy disks, including sources I_45 and 
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1-46. We thus view the observed i^'-band excess fraction of ~ 9 — 15% of the unobscured 
population to be only an approximation of the true value for the full CG 12 population. 

Attributing /T-band excess to an inner dusty disk, we find that the inner disk fraction of 
the CG 12 sample is intermediate between the youngest and older known sparse young stellar 
populations. For instance, the X MM — Newton Extended Survey of Taurus clouds included 
65 classica l and 50 weak-lined T-Tauri stars, of whi ch 55 and 49, respectively, were detected 
in X-rays (IGuedel et al.l l2006l : iTelleschi et al.l 120061 ) . The Taurus cloud X-ray sample thus 
has an inner disk fraction around 50%, with most stars in the age range — 2 Myr. In 
contrast, the 8 — 9 Myr old 7] Cha cluster, which is kinematically associated with the Sco- 
Cen Association and no longer has any molecular gas, has 5, 3 out of 15 (< 20%) low-mass 



members with i^-band excesses (iLyo et al.ll2003l : iLuhman fc Steeghs 



20041) . although a much 



higher fraction is seen at mid-infrared wavelengths ( iBouwman et al.l 120061 ). At ages around 
17 — 23 Myr in the rich LCC and UCL subgroups of Sco-Cen, the disk fraction among X-ray 
stars is only ~ 1%, alt hough these disks may have been subject to OB star photoevaporation 



flMamaiek et al.ll2002[ ). 



The ~ 9 — 15% inner disk fraction for CG 12 stars is in accord with our estimation that 
the sample has a wide range of stellar ages with a median value around 4 Myr ( §7.21) . The 
disk fraction is lower than that in Taurus and higher than that in LCC/UCL Sco-Cen, and 
roughly similar to that in rj Cha. 



5.3. Kinematics 

Proper motion data are available for 23 CG 12 X-ray sources (Table Hj) and can, in 
principle, be important for confirming membership in the cloud population and studying its 
dynamical evolution. CG 12 would have an u nusual space motion, for example, if it were 



related to Galactic high- velocity clouds (e.g. lOdenwald et al.lll992l ). Best known proper 



motions from catalogs compiled in NOMAD are given in Table HI Twenty three X-ray 
sources have known proper motions, but some values are quite uncertain. The vector point 
diagram in Figure [9^ plots the 17 Chandra stars with proper motions known within ±10 
mas yr^^ precision. They are compared with > 3000 control sources taken from the NOMAD 
catalog within the Chandra fields. Most of the optically bright Chandra stars have proper 
motions in the field star concentration around {fia*,fJ'5) — (—10, —5) mas yr"^. However, a 
few appear to be outliers, such as 1_57 and 111_8 around (-30,-30). 

In Figure [9]3, we compare one component of the observed proper motions to a simulated 
sample of nearby {d < 1 kpc) field stars using the Besangon stellar population model (see 
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This shows that the distribution of Chandra stellar proper motions is typical of those 
of field stars in the direction of CG 12 located at distances of 0.4 d < 1 kpc. Thus, the 
proper motions of X-ray selected young stars in CG 12 can be attributed entirely to the 
established motions in the Galactic disk with no evidence for peculiar space motions. 



Distance to CG 12 



The distance to C G 12 is controversial, with estimates ranging from 100 to 600 pc 
( iMaheswar et al.ll2004l ). The close r estimates arise from assumptions of a sm a ll scale-height 



for the local interstellar medium (Ivan Till et al.lll975l : iKeto &: Myerd Il986l ). iBourke et al. 



( 1l995bl ) assigned a distance of 400 pc assuming an association with the Vela- Gum r egion . 
Fro m the optical photometr y of intermediate-mass stars in the cloud, IWilliams et al.l (119771 ) 
and lMarraco fc Fortd (119781) obtained distance est imates around 600 pc which are commonly 
used by other researchers. IMaheswar et al.l (120041 ) obtained ONIR photometry of a hundred 
stars around the globule to derive a distance to CG 12 of 550 pc assuming they are main 
sequence field stars. Here we consider the distance range 300 < d < 630 pc and use X-ray 
properties of the PMS members to constrain the distance further. 

The proposed here method of distance determination is based on two interlocking fea- 
tures: PMS X-ray luminosities depend on stellar mass; and X-ray luminosities and masses 
scale differently with assumed distance. While it is well-established that most PMS X-rays 
seen in the Chandra band ar ise from violent magnetic reconnection flares above the stellar 
surface ( jFeigelson et al.l 120071 ). it is not fully understood why it scales with stellar mass. It 
is quite possible that the observed L^. — M correlation arises indirectly from two physical 
effects: a link between r nass and stellar radiu s , and a link between X-ray emission and stellar 
volume or surface area (jPreibisch et al.ll2005l : iTelleschi et al.ll2006l ). In any case, the — M 
correlation has been seen in a wide variety of PMS populations independent of the detailed 
age distribution, star-formation mode, cluster richness. 

Some care is needed in the definition of the — M relation: estimates of the X-ray 
luminosities and masses, and the treatment of scatter in the — M diagram differ in 
various studies. In our past Chandra studies, we defined the — M relationship using 
the quantity Lf ^, the absorption-corrected luminosity in the "total" 0.5 — 8 keV band (see 
Getman et al. 2005 and notes in Table [3] below). The lightly obscured Orion COUP sample 
gives the regression lines Lt^c = 1.44 log M + 30.37 and Lt^c = 1.13 log M + 30.34 erg s~^ for 



masse s esti mated from opti c al spe ctroscopy and theoretical evolutiona r y tracks of ISiess et al. 
kood \ and lPalla fc Stahleil Jl999h . respectively JPreibisch et al.ll2005h . Icetman et al.l J2006h 
obtained Ltc = 1.99 log M -|- 30.43 erg s~^ for the Cepheus 0B3b and Orion stars using 
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NIR photometry and Siess et al. tracks. The XMM — Newton XEST survey, using X- 
ray luminosity defined in the broader 0.3 — 10 keV band, and a bisector fine rather than 
an ordinary least-squares regression line, gives Lxmm = 1.91 log M + 30.4 4 erg s~^ using 
combined stellar spectroscopic results of many studies and Siess et al. tracks (ITelleschi et al. 



2006 ). We adopt here the Orion-Cepheus 0B3b regression line from Getman et al. ( 20061 ). 
which uses stellar mass estimate methods more comparable to that of the current work, 
although recognizing that all the regression lines cited above lie very close to each other. 

To estimate the distance to CG 12, we restrict our consideration to a highly reliable 
subsample of X-ray bright, completely unobscured {MedE < 1.2 keV and log < 20 cm~^) 
X-ray sources with ^ values given in Table [3] and accurate photometry in Tabl e HI Masses 



are es timated from the R vs. R — K color-magnitude diagram (Figure [7]) using ISiess et al. 



(120001) tracks. The sample includes twelve likely T-Tauri stars without K-band excesses of 
which ten are from the primary Chandra field (1-9, 10, 17, 23, 55, 61, 64, 69, 79, and 
90), and two are from the secondary fields (II_12 and IV_3)0. Errors on the estimated 
photometric masses for the stars in the sample are derived from Monte-Carlo simulations 
based on the observed photometric uncertainties convolved with the Siess et al. evolutionary 
tracks. Errors on Lt r, are estimated through Monte-Carlo simulations described in §4.3 of 



Getman et all mm 



Figure [TO] shows the resulting X-ray luminosities and photometric masses of these stars 
calcualted for a range of possible distances to the cloud. It is clear from the figure that 
the assumed distances < 500 pc (cyan, green, red symbols) are insufficient to place CG 12 
PMS objects on the Orion — M regression line (black and grey solid lines). Distances of 
550 — 630 pc (blue and violet symbols) are clearly preferable. The lower d istance o f 550 pc 
is further preferred if the recent revision to the Orion Nebula distance by iJeffried (120071 ) is 
correc1§|. Throughout our study, we adopt the distance to CG 12 of 550 pc. 

We thus independently confirm that the distance to CG 12 is > 500 pc and more 
likely is close to 550 pc, in close agreement with the measurement by lMaheswar et al.l (120041 ) 
based on photometry and reddening of foreground and background field stars. An important 
consequence is the confirmation that the cloud is indeed located at a height of > 200 pc above 
the Galactic plane. The existence of any star forming dark cloud at such Galactic location is 
unusual, and the cometary structure of CG 12 in such an isolated environment is even more 



^Two more X-ray unobscured stars from the secondary fields, III_4 and III_8, arc not included here due 
to problems with their estimated ages (see ^1 .2\ . 

®An analysis based on the rotational properties of low-mass PMS ONC stars with exclusion of likely 
accreting systems suggests a distance of 390 ±30 pc, substantially closer than the commonly used 440 ±30 pc. 
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mysterious (§8 



7. The CG 12 stellar population 



7.1. Stellar census 



Five intermediate- mass stars (three B and two A stars), and several FG stars had been 



ident ified as likely members of the CG 12 region in previous ONIR studies ( IWilliams et al. 
19771 ). The three B stars in the region are detected by Chandra. The \^ ~ 11 mag B4 
and ~ 10 mag B7 components of the do uble star Herschel 46 36, which illuminates the 
refiection nebula NGC 5367 (= GN 13.54.7 IWilliams et al.lll977l ). correspond to Chandra 
sources 1_58 (logL^c — 29.7 erg s~^) and 1_57 (logL^,, — 30.1 erg s~^), respectively. The 
y ~ 10 mag B8 star CD -39°8583 associated with the refiection nebula GN 13.54.9 is 1_74 
(log Lt,c — 30.2 erg s~^ erg s~^). The two A star^ have emission fainter than logLj^c ^ 29.0 
erg s~^, the sensitivity level in our primary Chandra field. 

These X-ray properties of the CG 12 intermediate-mass stars are consistent with past 
studies on A and B star samples. These stars lack both convection zones which drive surface 
magnetic fiares and the strong radiation-driven stellar winds which drive high-temperature 
shocks. It is suspected that their intrinsic X-ray emission is low or absent, and some ap- 
pear in Chandra i mages only when accompanied by a lower mass T-Tauri companion (e.g. 
Stelzer et al]l2006h . 



The important new Chandra result is the identification of nearly 60 low- mass young 
stars, increasing the known population of the cloud by nearly a factor of 10 (fj3]and|l]). Three 
of these are very likely embedded protostars ( §7.31) . while the rest are lightly-moderately 
obscured T-Tauri stars. As outlined in the existence of these stars is expected from an 
extrapolation of a standard Initial Mass Function from the previously known intermediate- 
mass members. The five known BA stars demand the presence of ~_80_T-Tauri stars within 



the mass range of 0.2 — 2 assuming the Galactic field IMF of iKroupal (120021 ). 



With the sensitivity limits of our X-ray observations around logL^ c — 29.0(30.0) erg 
s~^ in the primary (secondary) fields, we expect our samples to be sensitive down to ~ 0.2 
(0.5) M0, and complete at masses higher than these. This inference e merges from the 



established statistical correlation between X-ray luminosity and stellar mass (jPreibisch et al. 



^ T hese are sources ## 6 and 8 from IWilliams et al.l ( 1977 ). t yped as A4 a nd A2 by Maheswar et al 
(|2004l ). Source #8 may be powering the reflection nebula B77 146 (|Berneslll977l ). located just northwest of 
the cloud (Figure [4f)) . 
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20051 : IXelleschi et aPbood l Thus, our X-ray detected sample constitutes most, but not all, 
of the expected low mass population. 

We can estimate the star formation efficiency (SFE) of CG 12, defined as the ratio of 
integrated stellar mass to the total mass of molecular gas and stars. The 80 stars in the 
range 0.2 < M < 2 M© have a total mass around 30 — 35 M©, and the intermediate- mass 
stars have a total mass around 20 M0, given a stellar mass around 50 Mq. The mass of the 
observed molecular gas is estimated to be 100 — 250 The implied SFE is then in the 

range 15%-35%. This should be considered an upper bound on the SFE since the original 
cloud was probably more massive prior to ablation into a comet ary morp hology. These 



values are typical among other star forming regions (lElmegreen et al.ll2000l . and references 



therein). However, it is significantly higher than the SFE we found for the much smaller 
and younger cometary globule IC 1396N (typical among hundred of kn own BRCs) where th e 
SFE is estimated to be less than 4% based on the Chandra sample (IGetman et al.l 120071 ). 
This suggests that the triggering mechanisms in CG 12 may differ from smaller globules on 
the edges of HII regions. 



7.2. Ages of the Unobscured Population 



Stellar ages for the unobscured low-mass (< 2 Mq) X-ray population of CG 12 can be 
estimated from the color-magnitude diagram in Figure [71 These stars have MedE < 1.2 keV 
and R> 12 mag located above the ZAMS. Three stars are excluded from consideration and 
require more study: I_29 due to inconsistency between its X-ray and NIR obscuration (^, 
and III_4 and III_8 because their inferred ages are characteristic of Class O/I protostars 
rather than visible T-Tauri stars (although they have normal colors in the JHKg color-color 
diagram. Figure [8]). Thus, 21 stars are considered in this analysis: I_9, 10, 17, 23, 35, 36, 
47, 48, 50, 55, 61, 64, 68, 69, 72, 79, 80, 90, 92 from the primary field, and II_8 and II_10 
from the secondary fields. 



The derived photometric ages for these stars using ISiess et al.l (120001 ) PMS models in 
i? vs. R — K (which are similar to i? vs. R — H) are shown in Figure [11] along with their 
formal errors, AAge. The errors were derived similarly to the mass errors in fusing Monte 
Carlo simulations of photometric magnitudes and colors according to each source's reported 
photometric errors, and placing simulated stars on PMS isochrone s. The errors do not 
account for a possible presence of unresolved binaries or variability (jPreibisch fc Zinnecker 
I999I : iBurningham et al.ll2005l ). Unresolved binaries would tend to make objects appear 
up to a factor of 2 brighter, leading to an underestimation of the true age. PMS stars 
are known to be variable due to rotational modulation of starspots and, for classical T- 
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Tauri st ars, due to variations in accretion. Typ ical starspot fluctuations are AR~ AK~ 
0.1 mag (ICarpenter et al.ll200ll : iHerbst et al.ll2002l ) and accretion variations can exceed 1 mag 
( jStassun et al.ll2006l ). None of the 21 low-mass stars used in this analysis possess noticeable 
Kg excesses (Figure [H]), so fluctuations likely do not exceed 0.1 mag. But variability often 
moves th e star parallel to isochro nes and may not contribute signiflcantly to apparent age 
spreads (iBurningham et al.ll2005l ). If we add this additional uncertainty to photometric 
magnitudes and colors of CG 12 sources, the inferred age uncertainties increase by factors of 
~ 2 — 3. We denote the derived ages as "photometric isochronal ages" in order to distinguish 
them from the true stellar ages. Our upcoming spectroscopic study should provide more 
reliable estimates of individual CG 12 stellar ages. 

The distribution of the photometric isochronal ages in Figure [TT], combined with the 
presence of several embedded protostars not plotted here ( §7.3p . indicates a large age spread 
from < 1 to ~ 20 Myr. The age spread appears real and cannot be attributed to photometric 
errors. There may be two or more distinct populations in CG 12: a very young embedded 
population forming in the molecular cores right now ( §7.31) as a part or independent of a 
younger and richer population of T- Tauri stars with ages 1 — 10 Myr, median value around 
~ 4 Myr (mean around 4.5 Myr) and a standard deviation of 2.7 Myr; and a sparse older 
population of likely 15 — 30 Myr stars. The latter sub-sample (I_: 36, 68, 92, and 90) also 
has JHKs photometric colors close to the 50 Myr (older) isochrone in Figure [HI However, 
the results are also consistent with a continuous star formation history. 

We note that age spreads from to 30 Myr h ave been repo r ted in a number of young 
stellar populations. Most relevant to this study, lOgura et al.l ( l2006l ) find mean ages of 
1 — 2.5 Myr and standard deviations of 0.6 — 2.5 Myr, with two stars around 5 Myr, in the 
stellar populations around four CGs. Their sample is derived from ONIR techniques that 
are less effective than Chandra images in locating older weak-lined T- Tauri stars, so the 
true maximum age may be older than they estimate. 

Broad stellar ag e distributions are found in other well-studied star forming regions. 
Kenyon fc HartmannI (119951 ) find a smooth age dist ribution f rom < 1 to > 10 Myr in 
the Taurus- Auriga clouds, although iHartmannl (120031 ) (see also ISlesnick et al.ll2006l ) argues 
that the older stars are unrelated to the clouds. About 10% of the Orion Nebula Cluster 
membership have ag e s around 1(3 Myr with the remainder much younger around < 1 Myr 
( ISlesnick et al.l |2004J : iPalla et al.l l2005l . 120071 ) . The young stellar cluster a ssociated with 
a Or i has an age spread up to ~ 30 Myr with median age of ~ 4 Myr (lOliveira et al. 



2002, 2004; Sacco et al. 



2006h. 



The Chamaeleon I population shows an age range from 
< 1 to 10 Myr (iLuhman &: Steeghd 12004). In contrast, no age spr ead is found in the 
5 Myr old Upper-Sco OB association (jPreibisch fc Zinneckerl Il999l ). From a theoreti- 
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cal perspective, researchers are actively debating whether molecular clou d s are short-lived 
and produce brief bursts of star formation (e.g. lElmegreen et al.l l2000l : iHartmann et al. 



2OOII : iBallesteros-Paredes fc HartmannI I2007D or whether clouds are long-lived and produce 



stars in a more conti nuous fashion (e.g. iPalla fc Stahlerl I2OOOI : iMouschovias et al.l 12006 



Krumholz k Tanll2007f ). 



7.3. Ages of the Embedded Population 



^Signs of ongoing star formation in CG 12 include a bipolar molecular outfl ow (jWhitd 

1993[) and its miUimeter-continuum candidate source in the CG 12S molecular core (iHaikala fc Olberg 

20061 ) . and the far- infrared source IRAS 13546-3941 in CG 12N, re solved in the near-i nfrared 

as a Class I visual binary protostellar system with 5" separation (ISantos et al.lll998l ). Here 

we describe the Chandra detection of the components of the NIR visual protostellar binary 

in CG 12N (I_45 and 1-46), and present evidence for a newly discovered protostar in CG 12S 

(1-54). 

Chandra sources I_45 and I_46 exhibit absorptions of logA^^ ~ 22.1 — 22.2 cm~^ 
(Table [51) wh i ch co rrespond to Ay ~ 8 — 10 mag assuming a standard gas-to-dust ratio from 
Vuong et al.l (120031 ). This is consistent with a location near the ce nter of the molecular cor e 
CG 12N (Figure©) which has a total absorption of ~ 10 - 13 mag jHaikala fc Olber J2OO6I ) . 
Their NIR colors are consistent with Class I objects (Figure [8]), although an early Class II 
phase is possible. Their X-ray luminosities are similar, log Lt^c ~ 30.3 — 30.5 erg s~^, and are 
consistent with the brightest known solar-mass T-Ta uri stars and many Class I protostars 
(jimanishi. Koyama. fc Tsuboill200ll : IWolk et al.ll2005l ) and are definitely the strongest among 
the hard X-ray sources seen through the CG 12 cloud. 

Among all CG 12 Chandra sources with NetCts > 20 (Table [3]), source I_54 has the 
hardest spectrum {MedE ~ 3.2 keV), but it is not identified with any known ONIR source. 
Seen in projection against the CG 12S molecular peak (Fig ure H^) where the absorption 
through the cloud is ~ 6 — 8 mag (IHaikala fc OlbergI |2006| ). its X-ray spectrum shows a 
much higher absorption of log Nh — 22.6 cm~^ corresponding to Ay ~ 25 mag. The ad- 
ditional absorption of ~ 20 mag that cannot be attr i buted to the cloud likely originates in 
a protostellar envelope. In IC 1396N, iGetman et al.l (120071 ) show from a Chandra/ Spit zer 
comparison that s uch heavy abso r ption arises only in local protostellar envelopes, and in 
the Serpens cloud iGiardino et al.l (120071 ) find absorptions for all Class I protostars to be 
logNn > 22.3 cm~^. I_54 has an X-ray luminosity similar to the other two Class I proto- 
stars in CG 12, logLf c — 30.3 — 30.7 erg s~^, higher than most of the unobscured T-Tauri 
stars. A similar trend is seen in IC 1396N and Serpens. Finally, I_54 is one of only two 
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sources (along with the unobscured intermediate-mass star I_70) that show significant X-ray 
variabihty (Table [2]). This is likely due to a magnetic reconnection flare during our short 
Chandra exposure. This feature excludes the possibility that I_54 might be an extragalactic 
contaminant; extragalactic sources, even acti ve galactic nuclei, of this brightness d o not ex- 
hibit variability over an 8 hour exposure (e.g. iBauer et al.ll2003l : iPaolillo et al.ll2004l ). Source 
I_54 thus shows all of the X-ray characteristics of a Class I protostar: hard spectrum, high 
absorption, high luminosity, and magnetic flaring. 

We thus confirm that the CG 12 molecular globule harbors the population of very young 
objects with ages of < 0.1 Myr, typical of Class I protostars. 



7.4. Spatial structure 

The Chandra results show that the young stars are much more widely distributed than 
today's cloud (Figure Hh). Previously noted cloud members, and our concentrated group of 
obscured X-ray stars, lie within the CG 12 cloud in a < 1 x 1 pc^ region. But the unobscured 
young X-ray emitting population is distributed widely over the four Chandra fields which 
subtend 5x5 pc^ (Figure Hh). The concentration of X-ray sources inside the inner portion 
of the ROSAT detector (Figure [2]), which subtends a much greater area than Chandra's 
detector, shows that most of the X-ray population lies within the Chandra fields. 



8. Discussion 



8.1. Implications for CG star formation models 



In §7.2l and l7.31 we establish that the CG 12 globule produced young stars over a period 
of > 10 Myr, most of which likely formed around 4.5 ± 2.7 Myr ago. Many of these stars are 
now widely distributed around the cloud. The cloud also harbors three very young embedded 
protostars forming today in its molecular cores. 

These findings are simil ar to age distributions fouri d in other low- mass star forming re- 
gions such as Taurus-Auriga (IKenyon fc Hartmannlll995l ) and Chamaeleon I (ILuhman fc Steeghs 
20041 ) where stellar ages range over < 1 Myr to > 10 Myr. These broad age ranges are incon- 
sistent with rapid star fo rmation scenarios where gravitational collapse occurs in one or two 



turbulent crossing times (lElmegreen et al.ll2000l : lHartmann et al.ll200ll : lBallesteros-Paredes &: Hartmann 



20071 ). For a cloud like CG 12 with size 1 — 2 pc (although prior to ablation it m ay have 
been larger), the characteristic large-scale turbulent velocity will be ~ 2 km s~^ (ILarson 
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198ll ) with corresponding crossing time ~ 2 Myr. These rapid star formation models thus 



predict that all cloud members should have ages < 2 Myr. Insteac 
tribution suggests either a more continuous star formation process ( 


, the CG 12 age dis- 


Palla & Stabler 


2000; 


Mouschovias et al. 


2006; 


Krumholz & Tan 


2007; 


Nakamura & Li 


200' 


f"), or possibly several 



episodes of a rapid star formation. The ag e distribution in CG 1 2 is consistent with an expo- 
nentially accelerating star formation rate (jPalla fc Stahleiil2000l ) providing the characteristic 
timescale is several million years. 

The broad age spread is also inconsistent with the rapid timescale (few xlO^ yr) pre- 
dicted by simple triggered star formation models of CGs outlined in ^ However, more com- 
plex models of shock triggered star formation might explain the age distribution of CG 12 
stars. Two possibilities ca n be considered. First, RDI simulations pro ducing only brief du- 
rations of star formation (ILefloch fc LazarefB ll994J : iMiao et al.l l2006l ) model led only small 



globu les with initial sizes < 1 pc typical for known bright rimmed clouds (jSugitani et al. 



19911 ) with volumes much smaller than the initial size of the atypically large CG 12 cloud. 



The RDI shock front may thus take millions of years to propagate through the whole CG 12 
cloud during which distributed molecular cores could be compressed, triggering localized star 
formation at different times. Second, unlike triggering by the continuous flux of photoevap- 
orating ultraviolet light from OB stars in HII regions, the triggering of CG 12 could arise 
from a sequence of distinct episodes separated by millions of years. These triggers could be 
the shocks of distinct supernova from a massive OB association. Astronomical evidence for 
these scenarios is discussed in §8.2[ 

The wide spatial distribution of young stars, roughly 5x5 pc^ around a cloud with 
current size 1x2 pc^, has additional implications for the star formation process. It suggests 
either that the cloud was originally much larger before it was ablated into a cometary mor- 
phology, or that the stars drifted from the core, or both. The members of the unobscured 
population of CG 12 are uniformly distributed across the field and do not show any spatial 
gradient in their derived photometric stellar ages that could be indicative of sequential star 
formation produced by a single triggering mechanism such as a propagating shock. A spatio- 
tempor al gradient of this type ha s recently been seen in several other CGs and bright-rimmed 



clouds (IMatsuyanagi et al. 



20061 : iGetman et al.l 120071 : lOgura et al.ll2006f ). Star drifting, on 



the other hand, requires a stellar velocity dispersion around 1 km s~^ which can re asonably 
arise either from dynamical intera ctions during st ar formation (IBate et al.l |2003| ) or from 
turbulent motions in the natal gas (lFeigelsonlll996l ). 

The absence of an obvious age gradient in CG 12 is not yet definitive, as our optical 
spectroscopy and mid-infrared Spitzer observations have not been completed. The addition 
of a spatial distribution of infrared-bright low mass stars with massive disks, as found from 
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Spitzer IRAC maps of IC 1396N by iGetman et al.l (120071 ). may give a crucial new clue 
and could establish the validity of the expected cloud ablation and sequential triggered star 
formation mechanism. 



8.2. New observational keys to the origin of CG 12 



With a strange location and orientation, and no reported external hot OB star further 
from the plane illuminating and ablating the globule, the origi n of CG 12 is very u ncer- 
tain. The best attempted explanation was made 30 years ago by lWilliams et al.l (119771 ) who 
suggested that a large expanding high-latitude interstellar shell could have traversed CG 12 
7-19 Myr ago. This shell is now called GC 323+34-021 in the Leiden-Dwing eloo H I survey 



(lEhlerova fc PalousI l2005f l^"l and GIRL G318+32 in the IRAS loop catalog (iKonvves et al. 



20071 ). Produced by one or more supernova explosions from a still-unidentified association, 
the encounter would have drawn out the 10 pc-long tail and triggered the star formation in 
the globule. This explanation suffers a major difficulty: a single supernova explosion (per- 
haps from a runaway O star ejected from a Galactic Plane cluster) can not be responsible 
for such a large ~ 20° cavity, while a superbubble produced by many supernova remnants 
requires a rich high-latitude stellar cluster which has not yet been identified. 

To further test this model, we searched for intermediate-mass B-type members of the 
hypothetical high-latitude young stellar cluster using the Henry Draper (HD) Catalogue 
(jCannon fc Pickering! Il924j ). Such stars should be very prominent: at d = 550 pc, a ZAMS 
BO (B9) star without significant obscuration will have V" ~ 5 mag (9 mag). Figure [T2b shows 
the spatial distribution of all known B0-B9 stars (green circles) in a ~ 40° x 40° area around 
the GIRL G318+32 IRAS loop (magenta). To discriminate stars likely physically associated 
with the loop region from foreground contaminants, we designate stars inside the loop having 
photometric distances of 350 — 700 pc derived from placement on the V vs. V — Kg diagram 
with red + symbols in Figure [T2b . 

While there is no indication of a residual cluster at the center of the ~ 200 pc diameter 
loop, we note the presence of > 6 B-type stars located only 10 — 30 pc northwest of CG 12. 
Stellar properties of these B-type stars, which we tentatively call th e HD 120958 group , are 
listed in Table [51 Compared to the Orion Nebular Cluster (ONC) (IStelzer et al.ll2005l ). the 
HD 120958 group has the same number of B5-B9 stars (5 late-B stars) but only one star of 
earlier type vs. 11 in the ONC where the population extends to 07. These massive stars 



IOt 



-"Due to the limiting coverage of the Leiden-Dwingeloo H I survey, Ehlerova fc Paloui ( 2005 ) report only 
the top part of the shell. 
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may be missi ng because they hav e gone supernova over the past 15 — 30 Myr, the hfetime 
of Bl-3 stars (IHirschi et al.ll2005l ). This sequence of supernova shocks could have elongated 
the CG 12 cloud into its current cometary structure and triggered repeated episodes of star 
format ioE0. 

The star HD 120958 deserves special attention. Among other B-type members of the 
group, it is the closest to CG 12 (only ~ 10 pc away providing they lie at the same dis- 
tance) and is precisely positioned on the axis of the CG 12 cometary tail (Figure 112b). 
It is also the most luminous star in the region. A B5 spectral type was originally as- 
signed in the HD catalog but later reclassified to B3Vne in the Michigan Catalogue of 
Houk &: Fuentes- Williams! (119821 ). Their footnotes on the star indicate Balmer line cores in 
emission and extr emely broad lines in ab sorption, general observational characteristics of 
classical Be stars ( Porter fc Riviniu"^l2003l ). 



While there is now a consensus that a classical Be star is a rapidly rotating B-type star 
that produces a disk in its equatorial plane, no cer tain picture of the evolutionary state of Be 
phenomenon is available (jPorter fc Riyiniud 20031 . and references therein). Some fraction of 
Be stars are produced in binaries (iGied 120001 ). and B e-|-neutron star (NS) system s represent 
the largest sub-class of massive X-ray binaries known (jCodl2000l : IZiolkowskill2002l ) . According 
to the evolutionary model of such a binary, the progenitor of the Be star acquires its rapid 
rotation via mass and angular momentum tran sfer from the primary companion, which in 
turn undergoes a SN stage and turns into a NS (Ivan den Heuvellll983l ). X-ray emission from 
Be-|-NS systems is usually transient. 

It is thus reasonable to suggest that HD 120958, well-positioned along the geometric axis 
of CG 12, could be the relic of a massive binary system where the primary has evolved into 
a SN. The encounter of the SN remnant with the cloud could be, at least in part, responsible 
for both the star formation and the cometary morphology of the cloud. We have found no 
evidence for a transient X-ray source coincident with HD 120950 



Another, perhaps less plausible, scenario considering HD 120958 to be responsible for 



^^We note that none of the known radio pulsars from the catalog of [Manchester et al.l (j2005f ) shown as 
cyan x symbols in Figure [12b lies in or near the HD 120958 group. A pulsar could be ejected from a massive 
binary after supernova. 

^^There is a confused history c oncerning a report of a transient X-ray source near the tail of CG 12 with 
the non-imaging Ariel V satellite (|Cookelll976h . Incorrectly labelled A 0353-40 rather than A 1353-40, it does 
not a ppear in any official Ariel V source catalog including the catalog of Ariel V transients (jPve fc McHardv 
19831 ). Even if the source exists, it lies more than a degree from HD 120958 and cannot be associated with 



this star. 
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the morphology of CG 12 and origin of its stellar population, can be suggested. In this 
case the B3e HD 120958 star itself could be the primary ionizing source of the region. As 
in the hundred known cases of small bright rimmed clouds (BRCs) believed to exibit the 
RDI mechanism, HD 120958 would produce an ionization front at the surface of the CG 12 
cloud, which could slowly ablate and d rive shocks into the cloud. In this scenario the poorly 
studied B77 146 nebula (IBernesI 119771 ). located just at the surface of the cloud (Figures [1] 
and H^) and interprete d as a reflection nebula powered by the A2 member of the region 
( iMaheswar et al.ll2004l ). could be in fact an ionization front produced by the UV radiation 
from HD 120958. However in comparison with other known BRCs, the CG 12 again would 
represent a rather atypical case with a cooler and more distant primary ionizing source. 
Several BRCs illuminated by a single B-type are known, but all with spectral types earlie r 
than B2, and with distances to BRCs < 4 pc (IMorgan et al.ll2004l : [Thompson et al.ll2004bl ). 



9. Conclusions 

We report results from a mosaic of four Chandra ACIS-I images (5x5 pc^) designed to 
study the young stellar population and star formation in the high-latitude cometary globule 
CG 12. The main findings of our study are as follows: 

1. Of the 128 X-ray sources detected in the Chandra fields covering the globule's head 
and its vicinity, 55 have been identified with known ONIR objects. In addition to several 
known young intermediate-mass stars, we discovered a previously unknown population of 

> 50 T-Tauri members. Most are unobscured but some lie inside the cloud. Three proto- 
stars embedded in the molecular cloud cores are detected, one of which is newly reported. 
We establish that the remaining ~ 70 X-ray sources are likely contaminants, mostly ex- 
tragalactic, based on simulations of Galactic and extragalactic populations, the presence or 
absence of ONIR counterparts, spatial distribution, and X-ray properties. 

2. Based on available ONIR photometry of the CG 12 T-Tauri stars, we infer they are 
mostly low-mass 0.2 — 0.7 Mq stars, ~ 9 — 15% of which possess disks. This low fraction 
of ii"— excess stars is similar to older T-Tauri populations (e.g. rj Cha with age 8 — 9 Myr) 
and substantially lower than that of younger PMS populations (e.g. the Taurus clouds). 

3. Using the known — M corrections, we combine X-ray and ONIR properties of 
the unobscured T-Tauri stars to independently confirm that the distance to CG 12 must be 

> 500 pc, and probably in the range 550 — 630 pc. This strengthens previous ONIR findings 
that CG 12 is indeed located > 200 pc above the Galactic plane, and that its cometary 
morphology with no signs of nearby hot OB stars is unusual. 
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4. An evaluation of stellar ages gives a median photometric isochronal age of ~ 4 Myr 
with a large spread from < 1 Myr to ~ 10 — 20 Myr. The X-ray properties of three deeply 
embedded stars confirm the protostellar classification and previous infrared-radio findings of 
ongoing star formation in the globule's head. 

5. Assuming the Galactic field IMF for the unobscured YSO population of CG 12, we 

estimate a total population of ~ 80 stars associated with CG 12 with masses > 0.2 Mq. The 
star formation efficiency of the globule is in the range 15 — 35%, typical for active star forming 
regions, but above that seen in smaller molecular globules with star formation triggered by 
UV shock fronts. 

6. The age and spatial distribution of young stars is consistent with that seen in other 
star forming regions, but is inconsistent with a simple model of radiative driven implosion 
often applied to explain CG morphology and star formation. This suggests cither that CG 12 
is atypically large so that a triggering shock takes millions of years to traverse the cloud, 
or that CG 12 has been subject to several distinct episodes of triggering and ablation over 
millions of years. 

7. Examination of the vicinity of the cloud leads to a revised scenario for the origin of 
the CG 12 star forming region. We identify a group of B-type stars northwest of CG 12 and 
infer that a dozen expected early 0-B3 type members are missing. These could be the source 
of multiple SN explosions triggering star formation in the cloud over an extended period of 
15 — 30 Myr. The B3e star HD 120958 is the closest and most luminous member of the 
group, lying 10 pc (projected) from the globule head in the correct orientation to ablate the 
cloud into its comctary structure. It might itself be the primary ionizing source driving an 
RDI shock into the CG 12 cloud, or might be the relic of a massive binary system that has 
undergone SN explosion. 
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Table 1. CG 12 Observations 



Field 


ObsID 


Start Time 


Exposure 


R.A. (J2000.0) 


Decl. (J2000.0) 


Roll Angle 








(ks) 


(hh:mm:ss.ss) 


(dd:mm:ss.ss) 


(deg) 


I 


6423 


2006 Apr 15 16:19:17 


30.8 


13:57:44.52 


-39:58:48.31 


11.5 


II 


6424 


2006 Jun 02 07:25:09 


3.1 


13:57:42.87 


-39:43:01.76 


285.0 


III 


6425 


2006 Apr 13 08:44:08 


3.1 


13:56:19.40 


-39:42:47.94 


14.7 


IV 


6426 


2006 Apr 15 12:54:20 


3.1 


13:56:19.40 


-39:58:48.09 


11.1 



Note. — ObsID values are from the Chandra Observation Catalog. Start Times are in UT. 
Exposure times are the sum of Good Time Intervals (GTIs) for the CCD at the telescope aim point 
(CCD3) minus 1.3% to account for CCD readouts. The aimpoints and roll angles are obtained from 
the satellite aspect solution before astrometric correction was applied. 



Table 2. Basic Source Properties 



Source 



Extracted Counts 



Characteristics 



Seq 
# 



<^J2000 
(deg) 



<5j2000 
(deg) 



Err 
(") 



(') 



Net 
Pull 



ANet 
Pull 



Bkgd 
Full 



Net 
Hard 



PSF 
Frac 



Signif Anom* Var° 



EffExp 
(ks) 



Med E 
(keV) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


C8) 


C9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


(17) 




1 


135657.01 — 395349.7 


209.237580 


-39.897144 


1.25 


It). 38 


8.2 


o . 


10.8 


6.3 


t) . 9 1 


1.5 




a 


20. 1 


2.23 




2 


135702.10—395409.6 


209.258790 


-39.902694 


0.67 


9.37 


34.4 


6.9 


6.6 


21.9 


0.89 


4.6 




a 


21.2 


2.61 




3 


135703.91—395455.0 


209.266310 


-39.915279 


1.01 


8.70 


8.4 


4.3 


5.6 


7.5 


0.90 


1.7 




a 


22.5 


3.73 




4 


135704.65 — 400123.2 


209.269380 


-40.023117 


1.24 


8.06 


4.5 


3.4 


3.5 


2.5 


0.90 


1.1 






22.2 


3.45 




5 


135706.07—395822.2 


209.275330 


-39.972848 


0.35 


7.38 


64.2 


8.7 


2.8 


22.3 


0.90 


7.0 




a 


24.6 


1.61 




6 


135708.01 — 395821.9 


209.283380 


-39.972767 


0.65 


7.01 


13.1 


4.5 


2.9 


8.1 


0.90 


2.6 




a 


25.0 


3.04 




7 


135709.47—400142.7 


209.289470 


-40.028538 


0.44 


7.32 


39.4 


7.0 


2.6 


9.4 


0.89 


5.2 




a 


22.7 


1.47 




8 


135709.55—400528.4 


209.289810 


-40.091237 


1.21 


9.45 


6.5 


4.2 


6.5 


1.9 


0.89 


1.4 




a 


20.6 


3.79 




9 


135711.34—400234.7 


209.297260 


-40.042982 


0.20 


7.39 


201. 1 


14.8 


2.9 


11.1 


0.90 


13.1 




a 


24.1 


1.10 




10 


135712.03—400050.2 


209.300140 


-40.013965 


0.36 


6.55 


41.8 


7.1 


1.2 


5.2 


0.90 


5.5 






14.2 


1.16 




11 


135712.31 — 400026.5 


209.301316 


-40.007375 


0.46 


6.39 


22.3 


5.4 


1.7 


7.9 


0.90 


3.7 




a 


22.8 


1.55 




12 


135713.12—400754.7 


209.304700 


-40. 131877 


1.09 


10.91 


15.4 


5.9 


12.6 


4.6 


0.90 


2.4 




a 


21.0 


1.77 




13 


135716.11—400000.8 


209.317150 


-4(1.(1(10243 


0.69 


5.58 


5.6 


3.2 


1.4 


4.1 


0.90 


1.5 




a 


27.0 


3.13 




14 


135716.75—395234.2 


209.319800 


-39.876190 


0.47 


8.20 


50.6 


8.0 


5.4 


13.1 


0.91 


5.9 




a 


22.9 


1.50 




15 


135716.93—400049.7 


209.320560 


-40.013822 


0.70 


5.66 


5.8 


3.2 


1.2 


4.2 


0.90 


1.5 




a 


25.7 


3.74 




16 


135717.03—395657.1 


209.320970 


-39.949204 


0.45 


5.59 


13.0 


4.3 


1.0 


10.3 


0.91 


2.7 




a 


26.5 


3.67 




17 


135717.06—395710.5 


209.321110 


-39.952928 


0.33 


5.51 


25.1 


5.6 


0.9 


0.4 


0.91 


4.1 






23.6 


1.00 




18 


135717.70—400057.7 


209.323780 


-40.016043 


0.40 


5.57 


18.8 


5.0 


1.2 


9.3 


0.90 


3.4 




b 


24.7 


1.85 




19 


135719.53 — 395543.6 


209.331375 


-39.928782 


0.31 


5.70 


30.0 


6.1 


1.0 


11.3 


0.91 


4.5 






22.7 


1.70 




20 


L6o 1 iy.HU — oyo4zD.z 


^ i't *i o o '""1 r '"1 ^ 


-39.907288 


0. 72 


6.45 


7.4 


3.5 


1.6 


1.9 


0.9(] 


1.8 




a 


25.1 


1.70 




21 


loo 1 21.0i) — 0i)0200.1 


Juy.ooyyoD 


on ooino/1 
-dy.ooiyo4 


0.52 


7.35 


25.3 


5.8 


2.7 


9.3 


0.89 


4.0 




a 


23.9 


1.79 




22 


100{2Z.i)i) — 4UUbUy.o 


.^Uy.34ocSll 


-4U.lU.^72y 


0.89 


8.44 


9.6 


4.4 


5.4 


2.7 


0.90 


1.9 






20.5 


1.73 




23 


lOOl^o.^l — 3yo74y.D 


.^Uy.34D7oU 


-3y.yo37yo 


0.16 


4.20 


44.5 


7.2 


0.5 


4.6 


0.90 


5.7 




a 


28. 1 


1.03 




24 


135724.23 — 400112.3 


209.350960 


-40.020094 


0.12 


4.57 


109.4 


11.0 


0.6 


72.5 


0.90 


9.5 




a 


25.8 


2.69 




25 


ldo7.i4.o4 — dyool.£.U 


2uy.oo3oUl 


on nonni 1 

-oy.yzuuii 


0.48 


5.22 


8.8 


3.7 


1.2 


6.1 


0.91 


2.1 




a 


26.6 


2.31 




26 


ioo * zo.D ( — oVJooOfi.U 


^joy.oboyou 


on nocc^/i 

-jy.yjoo ( 4 


0.19 


4.50 


38.5 


6.8 


0.5 


12.6 


0.89 


5.3 




b 


27.4 


1.57 




27 


135725.84 — 395837.2 


209. 357680 


O (\ (\^''7i\ 1 T 

-dy.y / /ui / 


0.26 


3.59 


12.6 


4.1 


0.4 


0.7 


0.89 


2.7 




a 


28.8 


0.99 




28 


loo * Jo.yb — oyooUo.U 


.^JOy.oooloU 


on oo/iioo 
-dy.oo41oJ 


0.52 


6.77 


18.6 


5.1 


2.4 


14.3 


0.89 


3.3 




a 


23.0 


3.86 




29 


135726.01—395627.0 


209.358409 


-39.940860 


0.26 


4.26 


17.5 


4.8 


0.5 


2.6 


0.90 


3.3 




a 


27.8 


1.22 




30 


135726.93—400459.3 


209.362228 


-40.083166 


0.66 


7.04 


11.7 


4.3 


2.3 


6.5 


0.90 


2.4 






22.6 


2.04 




31 


135727.30—395714.8 


209.363763 


-39.954133 


0.38 


3.65 


5.7 


3.0 


0.3 


5.8 


0.90 


1.6 




a 


28.5 


5.16 




32 


135727.52-400032.1 


209.364700 


-40.008920 


0.36 


3.69 


6.7 


3.2 


0.3 


4.8 


0.89 


1.8 






25.6 


3.32 




33 


135727.84-395602.5 


209.366020 


-39.934051 


0.19 


4.23 


31.5 


6.2 


0.5 


22.7 


0.89 


4.7 




a 


27.5 


2.56 




34 


135728.00-400845.9 


209.366700 


-40.146102 


2.20 


10.45 


6.6 


3.7 


3.4 


3.6 


0.90 


1.5 


ge.. 




5.3 


3.27 




35 


135728.46-400500.6 


209.368622 


-40.083516 


0.68 


6.93 


9.9 


4.0 


2.1 


0.8 


0.89 


2.2 




a 


24.2 


0.93 




36 


135732.16-395836.4 


209.384027 


-39.976781 


0.27 


2.38 


5.8 


3.0 


0.2 


0.9 


0.89 


1.6 




a 


29.8 


1.03 




37 


135733.02-395752.6 


209.387610 


-39.964632 


0.09 


2.39 


49.8 


7.6 


0.2 


18.9 


0.89 


6.1 




b 


29.5 


1.63 




38 


135734.10-400300.4 


209.392116 


-40.050133 


0.55 


4.65 


4.5 


2.8 


0.5 


2.7 


0.89 


1.3 




a 


28.6 


3.60 




39 


135734.99-395130.0 


209.395832 


-39.858361 


0.91 


7.53 


8.4 


4.0 


3.6 


3.5 


0.89 


1.8 




a 


21.3 


1.91 




40 


135735.90-395518.4 


209.399585 


-39.921800 


0.30 


3.87 


11.6 


4.0 


0.4 


8.7 


0.90 


2.5 






24.2 


2.91 




41 




209.406151 


-39.933285 


0.37 


3.12 


4.7 


2.8 


0.3 


1.8 


0.90 


1.4 




a 


28.6 


1.70 




42 


135738.25-395948.1 


209.409381 


-39.996701 


0.17 


1.56 


10.9 


3.8 


0.1 


3.9 


0.89 


2.5 






15.7 


1.95 




43 


135738.39-400153.9 


209.409979 


-40.031663 


0.22 


3.31 


13.7 


4.3 


0.3 


6.8 


0.89 


2.8 




a 


28.6 


1.95 




44 


135738.44-400347.6 


209.410170 


-40.063249 


0.29 


5.12 


24.9 


5.6 


1.1 


2.2 


0.90 


4.0 




b 


28.1 


1.28 




45 


135738. 92 - 395558 . 4 


209.412181 


-39.932889 


0.10 


3.03 


64.7 


8.6 


0.3 


33.8 


0.90 


7.1 




a 


28.7 


2.07 




46 


135738. 90-395601. 2 


209.412345 


-39.933668 


0.08 


2.98 


88.7 


9.9 


0.3 


57.8 


0.90 


8.5 




a 


28.7 


2.65 




47 


135739.74-395403.7 


209.415615 


-39.901054 


0.36 


4.83 


15.4 


4.5 


0.6 


4.6 


0.90 


3.0 






18.0 


1.20 




48 


135740.17-400325.0 


209.417393 


-40.056956 


0.27 


4.69 


22.3 


5.3 


0.7 


4.5 


0.91 


3.8 




a 


25.8 


1.03 



00 



Table 2 — Continued 



Source Position Extracted Counts Characteristics 



Field 


Seq 


CXOU J 




»,72000 


5 


T2000 


Err 


( 


? 


Net 


ANet 


Bkgd 


Net 


PSF 


Signif 


Anom^ 


Var 


EffExp 


Med E 




# 








(dog,) 




( 


"1 


( 


) 


Full 


Full 


Full 


llni 


rl 


Frar 












) 


(kcV) 


(1) 




















I 


') 


(«J 


{•>) 


(iO) 


(11) 


(12) 




(IJ) 




[11.) 


(17) 




49 


135740 


TO Afim Qfl 


Q 


209 




-40 


025179 





27 


2 


80 


6 


8 


3.2 





2 


6 


8 


0.89 


1 


8 






30 


2 


2.97 




50 


135741 


9^ /ifim ^7 


5 


209 


421810 


-40 


n97nRR 

( UOD 





20 


2 


89 


13 


8 


4.3 





2 


2 


8 


0.89 


2 


8 






29 


6 


1.20 




51 






5 


209 


499'^1 

4^^0 -LO 


-40 


U04UO-L 





57 


g 


27 


11 


5 


4.1 


1 


5 


3 


9 


0.90 


2 


4 






27 


1 


1.45 




52 




( D — 4l:UUjloy 


Q 


209 


4^4U4U 


-40 


044179 





44 


3 


SS 


4 


6 


2.8 





4 


4 


7 


0.89 


1 


4 






29 


4 


4.75 




53 




y± — "iUuouD 


Q 


209 


4Z4UUIJ 


-40 


101402 





85 


7 


30 


7 


3 


3 7 


2 


7 


5 


1 


0.89 


1 


7 






24 


6 


2.17 




54 


1-Jry42 




7 






-39 


Q7QR'=;'^ 
y 1 yooo 





06 


[) 


43 


80 


8 


9.5 





2 


70 


9 


0.90 


8 


1 






30 




3.18 




55 


135742 


oy — 4:Uuzz f 


4 


209 


428717 


-40 


u4:uyDy 





11 


3 


67 


78 


7 


9.4 





3 


5 


7 


0.90 


7 


9 






29 





1. 16 




56 


135743 


OO — oy04U'* 


Q 


209 


lOiDDU 


-39 


oni 9RR 





44 


4 


73 


9 


3 


3.7 





7 


3 


5 


0.89 


2 


2 






26 


6 


1.55 




57 


13^744 


y4l: OyOC54l: ( 


1 


209 


433110 


-39 


if 1 if 1 Of 





06 


Q 


12 


73 


8 


9.1 





2 


16 


9 


0.90 


7 


7 






30 


6 


1.32 




58 






]^ 


209 


400001 J 


-39 


^? / o o o 





12 


Q 


10 


19 


9 


5.0 





1 


8 


9 


0.90 


3 


6 






30 




1.91 




59 


lV''744 




9 


209 


40 DOtJl J 


-40 


IJ / ;?44o 





61 




96 


8 


4 


3 7 


1 


6 


4 


9 


0.90 


2 









27 




2.17 




60 








209 


437430 


-40 







28 


3 


10 


7 


8 


3.4 





2 


5 


8 


0.90 


2 









26 


4 


2.30 




61 


13''74"" 


11 A nni 07 




209 


400U U U 


-40 


018635 





07 


2 


32 


80 


8 


9.5 





2 


10 


9 


0.89 


8 









28 




1 .06 




62 


135747 


1 o ^ nnfi'^ 1 

lo — 4l:UUDOl 


7 


209 


4:4DOyU 


-40 


1 nssi Q 

-LUOO-Ly 





63 


7 


74 


20 


3 


5.4 


3 


7 


8 


4 


0.89 


3 


4 






25 


4 


1.47 




63 




4o — oyODOU 





209 




-39 


947247 





22 


2 


11 


7 


8 


3.4 





2 


6 


9 


0.89 


2 









29 


7 


2.80 




64 




y4; — oyooi^ 


7 


209 


400UOO 


-39 


Q9n99n 





20 


3 


74 


23 


5 


5.4 





5 


3 


7 


0.89 


3 


9 






28 


4 


1.18 




65 


1od752 


CO Anno'^A 

— ^UU^oO 


1 


209 




-40 


U4oy4U 





46 


4 


13 


5 


5 


3.0 





5 


5 


6 


0.90 


1 


5 






26 


9 


3.85 




66 


135T53 


1 O "^QtZtZAfi 
— oy004O 




209 


471341 


-39 


y z y u ij o 





05 


3 


44 


329 


6 


18.7 





4 


136 


7 


0.89 


17.2 






28 


8 


1 .70 




67 


135753 


1 c A nni /1 53 

±D 4:UU-L4:0 


5 


209 


471519 


-40 


IJOIJ J- 44 





30 


3 


43 


8 


7 


3.5 





3 


6 


8 


0.89 


2 


1 






29 


4 


3.31 




68 


135753 


1 — o y o 1 o u 


9 


209 


473997 


-39 


y -jouijiJ 





15 


2 


19 


16 


9 


4.6 





1 


1 


9 


0.89 


3.2 






27 


1 


1.03 




69 


135754 


oo — oyoozz 


Q 


209 


zl7f^'^Q'^ 

4 J L>0i70 


-39 







10 


3 


92 


103 


5 


10.7 





5 


3 


7 


0.90 


9.2 






26 


3 


1.09 




70 


135754 




3 


209 




-40 







08 


Q 


01 


606 


7 


25.2 


2 


3 


141 


5 


0.91 


23.6 






27 


1 


1.41 




71 


135754 


— oyo ( OO 


7 


209 


477187 


-39 







22 


2 


26 


8 


8 


3.5 





2 


6 


9 


0.90 


2 


1 






28 


2 


3.07 




72 


135755 


7n '^Qc:Q9'1 


2 


209 


zLS9i no 


-39 


yoy J OO 





16 


2 


22 


15 


8 


4.5 





2 





9 


0.89 


3.1 






29 


7 


1.13 




73 


±oo ( oo 


oo — ouoO'-yi 


[) 


209 


4>^97Rn 


-39 


o y o o o u 





46 




36 


10 


7 


4.0 


1 


3 


1 


2 


0.91 


2.3 






26 


6 


1.09 




74 




n'^ zinnzLi s 

UO — 4:UU4:±0 


7 


209 


400J I U 


-40 


071875 





14 




93 


199 


8 


14.7 


2 


2 


15 


5 


0.90 


13.1 






27 


2 


1.16 




75 




nn '^Q'^91 n 


5 


209 


40 1 (JV/tJ 


-39 


ou y y 





37 


7 


05 


43 


1 


7.3 


2 


9 


12 


1 


0.90 


5 


5 






23 


4 


1.61 




76 


135757 


4:UU4:04: 


Q 


209 


400UL/L/ 


-40 


07(^1 90 





60 


g 


25 


10 


9 


4. 1 


2 


1 


1 


6 


0.90 


2 


3 






26 


8 


1.66 




77 




OO — 


5 


209 


491124 


-40 


uuaoyo 





21 


3 


11 


13 


7 


4.3 





3 


7 


8 


0.89 


2 


8 






29 


2 


2.07 




78 


±00 ( DO 


OO — Oi>00 ±0 


5 


209 


493257 


-39 


OO / -LUO 





47 


Q 


18 


16 


1 


4.8 


1 


9 


5 


8 


0.90 


3 









24 


1 


1.66 




79 


135758 


/II QQc:Q91 
4:± — oyoyz± 


8 




/] Qooon 
^iyoooU 




y o y o y 1 





09 


2 


71 


73 


8 


9.1 





2 


6 


9 


0.89 


7 


7 






23 


8 


1.07 




80 


loooUU 


no '3nc: c: 1 


3 


209 


500088 


-39 


930935 





28 


4 


18 


14 


4 


4.4 





6 


1 


6 


0.89 


2 


9 






28 


1 


0.96 




81 


135803 


45-395750 




209 


514410 


-39 


964014 





15 


3 


75 


42 




7 1 















5 


6 




a 


28 


9 






82 


135805 


13-400316 


4 


209 


521400 


-40 


054557 





44 


5 


96 


16 


4 


4.8 


1 


6 


6 


9 


0.90 


3 


1 




a 


25 


1 


1.86 




83 


135805 


27-395928 


2 


209 


521963 


-39 


991168 





19 


4 


03 


32 


6 


6.3 





4 


9 


7 


0.90 


4 


8 


g... 




24 


8 


1.55 




84 


135805 


93-395357 


6 


209 


524710 


-39 


899349 





43 


6 


35 


22 





5.4 


2 








8 


0.91 


3 


7 


g-- 




18 


1 


1.01 




85 


135806 


86-400336 


6 


209 


528601 


-40 


060190 





37 


6 


43 


31 





6.3 


2 





10 


6 


0.90 


4 


6 




a 


26 


5 


1.77 




86 


135808 


18-395949 


8 


209 


534120 


-39 


997189 





22 


4 


64 


33 


3 


6.3 





7 


14 


5 


0.89 


4 


8 




a 


27 


7 


1.76 




87 


135808 


79-395335 


5 


209 


536630 


-39 


893215 





31 


6 


98 


60 


9 


8.5 


2 


1 


32 


6 


0.89 


6 


8 


g-- 




16 


2 


2.01 




88 


135809 


96-395243 


9 


209 


541530 


-39 


878883 





68 


7 


79 


15 


4 


4.9 


3 


6 


8 





0.89 


2 


8 




a 


22 


3 


2.08 




89 


135814 


01-400338 


1 


209 


558390 


-40 


060602 





77 


7 


43 


9 


7 


4.1 


3 


3 


8 


8 


0.90 


2 


1 




b 


25 


1 


3.83 




90 


135818 


24-395640 


5 


209 


576018 


-39 


944607 





49 


6 


80 


24 


1 


5.6 


1 


9 


2 


7 


0.89 


3 


9 




a 


23 


6 


1.12 




91 


135819 


05-395743 


6 


209 


579406 


-39 


962114 





88 


6 


70 


6 


3 


3.4 


1 


7 


5 


9 


0.89 


1 


6 




a 


23 


8 


3.55 




92 


135825 


59-395819 





209 


606638 


-39 


971947 





95 


7 


88 


8 


6 


4.0 


3 


4 





8 


0.89 


1 


9 


g... 




21 


1 


0.90 




93 


135828 


51-395703 


9 


209 


618817 


-39 


951088 


1 


59 


8 


60 


4 


6 


3.7 


5 


4 


4 


5 


0.90 


1 


1 


ge.. 




15 


3 


5.76 




1 


135650 


79-393750 


1 


209 


211628 


-39 


630588 


2 


00 


11 


29 


9 


7 


3.8 


1 


3 


4 


1 


0.90 


2 


2 




a 


2. 


1 


1.61 




2 


135705 


32-394644 





209 


272175 


-39 


778915 


1 


14 


8 


11 


8 


5 


3.5 





5 





6 


0.90 


2 







b 


2.4 


1.80 




3 


135723 


05-393733 


5 


209 


346059 


-39 


625979 





82 


6 


67 


7 


8 


3.4 





2 


2 


8 


0.89 


2 







a 


2.5 


1.74 



CO 



Table 2 — Continued 



Source Position Extracted Counts Characteristics 



Field 


Seq 


CXOU J 




«J2000 


■512000 


Err 


e 


Net 


ANet 


Bkgd 


Net 


PSF 


Signif 


Anom^ 


Var° 


BffExp 


Med E 




# 






(deg) 


(deg) 


(") 


(') 


Full 


Full 


Full 


Hard 


Frac 








(ks) 


(keV) 


(1) 


(2) 


(3) 




(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


(17) 


II 


4 


135724.13-395112 


6 


209.350578 


-39.853513 


1.48 


8.94 


6.4 


3.2 


0.6 


0.6 


0.90 


1.7 




a 


2.3 


1.09 


II 


5 


135724.90-393550 


3 


209.363780 


-39.697320 


0.98 


7.98 


11.6 


4.0 


0.4 


0.0 


0.90 


2.6 




a 


2.2 


1.07 


II 


6 


135733.00-394652 


4 


209.387639 


-39.781243 


0.60 


4.29 


4.9 


2.8 


0.1 


2.0 


0.89 


1.6 




b 


2.7 


1.73 


II 


7 


135740.45-393543 


1 


209.418664 


-39.696326 


0.61 


7.32 


30.7 


6.1 


0.3 


7.8 


0.90 


4.6 






2.4 


1.26 


II 


8 


135747.35-394730 


1 


209.447304 


-39.791696 


0.48 


4.55 


7.9 


3.4 


0.1 


0.0 


0.91 


2.0 




a 


2.7 


1.04 


II 


9 


135753.08-394332 


1 


209.471201 


-39.725588 


0.19 


2.03 


11.0 


3.8 


0.0 


3.0 


0.89 


2.5 




a 


3.0 


1.22 


II 


10 


135800.20-395003 


8 


209.500835 


-39.834416 


0.85 


7.78 


13.6 


4.3 


0.4 


1.8 


0.90 


2.8 




b 


2.3 


1.10 


II 


11 


135802.32-395002 


4 


209.509678 


-39.834026 


1.47 


7.95 


4.6 


2.8 


0.4 


4.8 


0.90 


1.3 




a 


2.4 


4.11 


II 


12 


135808.06-394319 


4 


209.633621 


-39.722060 


0.30 


4.85 


20.9 


5.1 


0.1 


6.0 


0.89 


3.7 




b 


2.6 


1.09 


II 


13 


135809.81-393544 


4 


209.640881 


-39.696672 


1.63 


8.94 


6.6 


3.0 


0.6 


3.6 


0.90 


1.6 




a 


2.2 


4.66 


II 


14 


135817.30—394226 





209.572109 


-39.707235 


1.10 


6.65 


4.7 


2.8 


0.3 


4.8 


0.90 


1.4 




a 


2.5 


3.64 


III 


1 


135545.24-394715 


6 


208.938512 


-39.787686 


1.06 


7.94 


8.5 


3.5 


0.5 


3.8 


0.89 


2.1 




a 


2.4 


1.50 


III 


2 


135609.27-394516 


7 


209.038653 


-39.754653 


0.35 


3.15 


5.0 


2.8 


0.0 


3.0 


0.89 


1.5 




a 


3.0 


2.26 


III 


3 


135612.23-394503 


3 


209.050995 


-39.750940 


0.28 


2.64 


6.0 


3.0 


0.0 


1.0 


0.90 


1.7 




a 


3.0 


1.19 


III 


4 


135617.60-393918 


2 


209.073348 


-39.655064 


0.09 


3.51 


102.0 


10.6 


0.0 


7.0 


0.89 


9.2 




a 


2.9 


1.04 


III 


5 


135628.82-393944 


9 


209.120117 


-39.662490 


0.26 


3.55 


13.0 


4.1 


0.0 


7.0 


0.89 


2.8 




a 


2.9 


2.12 


III 


6 


135629.78-394000 


5 


209.124093 


-39.666816 


0.31 


3.43 


8.0 


3.4 


0.0 


2.0 


0.89 


2.0 




a 


2.9 


1.61 


III 


7 


135645.86-394551 


7 


209.191100 


-39.764368 


0.62 


5.94 


8.9 


3.5 


0.1 


2.9 


0.90 


2.2 




a 


2.4 


1.48 


III 


8 


135647.84-394456 





209.199342 


-39.748896 


0.27 


5.87 


46.9 


7.4 


0.1 


0.9 


0.90 


5.9 




b 


2.7 


1.01 


III 


9 


135653.62-394307 


8 


209.223442 


-39.718845 


0.77 


6.59 


8.8 


3.5 


0.2 


4.9 


0.89 


2.1 




a 


2.6 


2.68 


IV 


1 


135542.11-400258 


4 


208.925468 


-40.049574 


1.23 


8.27 


7.5 


3.4 


0.5 


3.7 


0.89 


1.9 




a 


2.3 


1.99 


IV 


2 


135543.16-395930 


6 


208.929866 


-39.991841 


0.84 


6.98 


9.7 


3.7 


0.3 


1.9 


0.91 


2.3 




a 


2.5 


1.06 


IV 


3 


135544.12-395818 


1 


208.933846 


-39.971716 


0.32 


6.78 


66.8 


8.0 


0.2 


3.9 


0.90 


6.6 




a 


2.5 


1.03 


IV 


4 


135600.77-400040 


8 


209.003224 


-40.011360 


0.41 


4.03 


7.0 


3.2 


0.0 


0.0 


0.90 


1.8 




a 


2.6 


0.86 


IV 


5 


135608.75-395440 


9 


209.036497 


-39.911368 


0.34 


4.60 


14.9 


4.4 


0.1 


3.9 


0.91 


3.0 




b 


2.7 


1.38 


IV 


6 


135628.52-400022 


6 


209.118870 


-40.006280 


0.22 


2.35 


9.0 


3.5 


0.0 


2.0 


0.89 


2.2 




a 


3.0 


1.45 


IV 


7 


135632.73-395830 


6 


209.136378 


-39.975186 


0.32 


2.57 


5.0 


2.8 


0.0 


2.0 


0.89 


1.5 




a 


2.9 


1.51 


IV 


8 


135635.51-395647 


6 


209.147971 


-39.946560 


0.30 


3.68 


10.0 


3.7 


0.0 


5.0 


0.89 


2.3 




a 


2.7 


1.48 


IV 


9 


135637.93-395810 


7 


209.158048 


-39.969665 


0.43 


3.60 


5.0 


2.8 


0.0 


0.0 


0.89 


1.5 




a 


2.9 


1.15 


IV 


10 


135640.74-400710 


2 


209.169789 


-40.119624 


2.27 


9.31 


6.4 


3.2 


0.6 


1.5 


0.90 


1.7 


ge.. 




1.4 


1.77 


IV 


11 


135644.43-400004 


1 


209.186160 


-40.001161 


0.31 


4.96 


21.9 


5.2 


0.1 


11.0 


0.91 


3.8 




a 


2.7 


1.83 


IV 


12 


135705.14-400351 


4 


209.271443 


-40.064306 


1.76 


10.11 


7.1 


3.4 


0.9 


4.6 


0.90 


1.8 




a 


2.2 


2.64 



CO 



Note. — Column 1: Chandra ACIS-I fields surveyed in the CCt 12 region (I - primary pointing; II, III, and IV - secondary pointings). Column 2: X-ray source number. Column 3: lAU 
designation. Columns 4-5: Right ascension and declination for epoch .72()()().() in degrees. Column 6: Positional uncertainty. Column 7: Off-axis angle. Columns 8-9: Estimated net counts 
from extracted area in total energy band (0.5 — 8.0) keV and their Icr errors. Column 10: Estimated background counts from extracted area in total energy band. Column 11: Estimated net 
counts from extracted area in hard energy band {2 — 8) keV. Column 12: Fraction of the PSF at the fiducial energy of 1.497 keV enclosed within the extracted area. Note that a reduced PSF 
fraction (significantly below 90%) may indicate that the source is in a crowded region or on the edge of the field. Column 13: Source significance in sigma. Column 14. Source anomalies 
described by a set of fiags, see the text note* below for details. Column 15: Variability characterization based on K-S statistics, see the text note^ below for details. Column 16: Source 
effective exposure in ks. Column 17: The background- corrected median photon energy in the total 0.5 — 8 keV energy band. 

^Source anomalies: g — fractional time that source was on a detector (FRACEXPO from mkarf) is < 0.9 ; e = source on field edge; p = source piled up; s = source on readout streak. 

'^Source variability: a — no evidence for variability; b = possibly variable; c = definitely variable. No test is performed for sources with fewer than 4 total full-band counts. No value is 
reported for sources in chip gaps or on field edges. 



Table 3. X-ray Spectroscopy for Photometrically Selected Sources: Thermal Plasma Fits 





VJ\J ULl L/C 






Spectral Fit" 




X-ray Luminosities'' 




Fiplrl ^pn 




Net 




log Nh 


kT 


— j f 

log L/h 


\ogLh,c 


log Lt 


-j f 

log -/jt,c 


4t 
TT 








(cm~-^) 


(keV) 




(ergs 


s-l) 




CI"; (2) 




C41 




(6) 


(7) 




(9) 


(10) 




I 2 


135702.10-395409.6 


34.4 


2.61 


-1.0 21.7 +0.5 


-11.7 13.0 


29.71 


29.73 


29.80 


29.90 


I 5 


135706.07-395822.2 


64.2 


1.61 


20.0 


11.7 


29.82 


29.82 


29.99 


29.99 


I 7 


135709.47-400142.7 


39.4 


1.47 


21.5 


2.5 


29.49 


29.51 


29.72 


29.88 


I 9 


135711.34-400234.7 


201.1 


1.10 


20.0 


1.2 


29.49 


29.49 


30.26 


30.26 


I 10 


135712.03-400050.2 


41.8 


1.16 


20.0 


1.2 


29.08 


29.08 


29.82 


29.83 


I 11 


135712.31-400026.5 


22.3 


1.55 


21.6 +0.3 


-1.4 2.6 


29.25 


29.27 


29.45 


29.63 


I 14 


135716.75-395234.2 


50.6 


1.50 


21.6 


4.1 


29.76 


29.78 


29.91 


30.05 


I 17 


135717.06-395710.5 


25.1 


1.00 


20.0 


0.8 


28.21 


28.21 


29.36 


29.37 


I 19 


135719.53-395543.6 


30.0 


1.70 


-0.9 21.7 +0.5 


3.9 


29.62 


29.64 


29.76 


29.92 


I 21 


135721.59-395255.1 


25.3 


1.79 


21.0 


15.0 


29.43 


29.43 


29.56 


29.57 


I 23 


135723.21-395749.6 


44.5 


1.03 


20.0 


1.1 


28.65 


28.65 


29.53 


29.53 


I 24 


135724.23-400112.3 


109.4 


2.69 


-0.2 22.2 +0.2 


-4.0 6.8 


30.35 


30.42 


30.40 


30.62 


I 26 


135725.67-395608.0 


38.5 


1.57 


21.8 


1.37 


29.17 


29.22 


29.54 


29.92 


I 33 


135727.84-395602.5 


31.5 


2.56 


21.9 


15.0 


29.81 


29.83 


29.86 


29.97 


I 37 


135733.02-395752.6 


49.8 


1.63 


21.2 +0.5 


-3.0 5.5 


29.65 


29.66 


29.82 


29.89 


I 44 


135738.44-400347.6 


24.9 


1.28 


21.3 


1.5 


28.92 


28.94 


29.35 


29.51 


I 45 


135738.92-395558.4 


64.7 


2.07 


22.1 


-1.6 3.2 +4.6 


29.93 


29.99 


30.02 


30.29 


I 46 


135738.96-395601.2 


88.7 


2.65 


-0.3 22.2 +0.2 


-3.0 5.4 


30.23 


30.30 


30.27 


30.53 


I 48 


135740.17-400325.0 


22.3 


1.03 


21.1 


0.5 


27.60 


27.61 


29.17 


29.37 


I 54 


135742.28-395846.7 


80.8 


3.18 


-0.2 22.6 +0.2 


-1.6 3.6 +8.3 


30.28 


30.45 


30.30 


30.74 


I 55 


135742.89-400227.4 


78.7 


1.16 


20.3 


1.3 


29.09 


29.09 


29.79 


29.81 


I 57 


135743.94-395847.1 


73.8 


1.32 


-0.4 21.6 +0.3 


-0.5 1.5 +0.5 


29.43 


29.47 


29.80 


30.07 


I 58 


135744.13-395844.1 


19.9 


1.91 


21.9 


3.1 


29.30 


29.35 


29.43 


29.66 


I 61 


135745.11-400107.0 


80.8 


1.06 


20.0 


1.5 


29.22 


29.22 


29.83 


29.83 


I 62 


135747.13-400631.7 


20.3 


1.47 


-1.2 21.8 +0.3 


1.5 


28.92 


28.97 


29.22 


29.54 


I 64 


135749.94-395512.7 


23.5 


1.18 


20.0 


2.0 


28.91 


28.91 


29.36 


29.36 


I 66 


135753.12-395546.7 


329.6 


1.70 


-0.2 21.4 +0.2 


-2.4 6.5 +6.4 


30.55 


30.57 


30.69 


30.77 


I 69 


135754.33-395522.0 


103.5 


1.09 


20.0 


1.3 


29.24 


29.24 


29.94 


29.95 


I 70 


135754.49-400430.3 


606.7 


1.41 


-0.3 21.2 +0.2 


-0.2 2.1 +0.5 


30.48 


30.49 


30.80 


30.91 


I 74 


135756.05-400418.7 


199.8 


1.16 


20.0 


1.6 


29.68 


29.68 


30.25 


30.25 


I 75 


135757.00-395210.5 


43.1 


1.61 


-0.8 21.6 +0.3 


-1.9 3.2 


29.60 


29.62 


29.78 


29.93 


r 79 


135758.41-395921.8 


73.8 


1.07 


20.0 


1.2 


29.15 


29.15 


29.89 


29.89 



Table 3 — Continued 







Source 






Spectral Fit=- 




X-ray Luminosities'" 




Field 


Seq 


CXOU J 


Not 


Med E 


Incr /Vrr 


kT 


log-Lh 


log -^/i,c 


log Lt 


log Lt,t; 




# 




(counts) 


(kcV) 


(cm~^) 


(keV) 




(ergs 


s-i) 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 




81 


135803.45-395750.4 


42.5 


0.82 


20.0 


0.4 


27.67 


27.67 


29.58 


29.58 




83 


135805.27-395928.2 


32.6 


1.55 


-0.7 22.1 +0.2 


-0.4 1.1 +1.6 


29.31 


29.43 


29.57 


30.25 




84 


135805.93-395357.6 


22.0 


1.01 


20.0 


1.1 


28.61 


28.61 


29.45 


29.45 




85 


135806.86-400336.6 


31.0 


1.77 


-0.4 22.0 +0.5 


-1.6 2.2 +4.0 


29.47 


29.53 


29.62 


29.94 




86 


135808.18-395949.8 


33.3 


1.76 


21.6 +0.5 


-2.7 4.0 


29.53 


29.56 


29.68 


29.82 




87 


135808.79-395335.5 


60.9 


2.01 


-0.3 22.2 +0.2 


-1.1 2.3 +2.8 


30.16 


30.26 


30.25 


30.64 




90 


135818.24-395640.5 


24.1 


1.12 


20.0 


1.7 


28.85 


28.85 


29.38 


29.38 


II 


7 


135740.45-393543.1 


30.7 


1.25 


21.0 +0.6 


-1.0 2.5 +6.7 


30.30 


30.31 


30.61 


30.68 


II 


12 


135808.06-394319.4 


21.0 


1.09 


20.0 


1.3 


29.61 


29.61 


30.28 


30.28 


III 


4 


135617.60-393918.2 


102.0 


1.04 


20.0 


1.1 


30.06 


30.06 


30.88 


30.88 


III 


8 


135647.84-394456.0 


46.9 


1.01 


20.0 


1.0 


29.59 


29.59 


30.58 


30.58 


IV 


3 


135544.12-395818.1 


55.8 


1.03 


20.0 


0.9 


29.67 


29.67 


30.69 


30.69 


IV 


11 


135644.43-400004.1 


21.9 


1.83 


21.4 


15.0 


30.51 


30.52 


30.60 


30.66 



00 
CO 



Note. — Columns 1-5: For convenience, these columns reproduce the source identification, photometric net counts, and median energy 
data from Table [2] Columns 6-7: Best-fit values for the column density and plasma temperature parameters. See the text note'' below for 
details. Columns 8-11: X-ray luminosities obtained from spectral analysis. See the text note'' below for details. 

^AU fits used the "wabs(apec)" model in XSPEC and assumed 0.3Zq abundances. Uncertainties represent 90% confidence intervals. More 
significant digits are used for uncertainties < 0.1 in order to avoid large rounding errors; for consistency, the same number of significant 
digits is used for both lower and upper uncertainties. Uncertainties are missing when XSPEC was unable to compute them or when their 
values were so large that the parameter is effectively unconstrained. Fitted values with log Njj < 20.0 cm~^ are truncated at 20.0 because 
ACIS-I spectra are insensitive to differences in very low column densities. Fitted values with kT > 15 keV are truncated at 15 keV because 
the data often cannot discriminate between very high-temperature values. 

''X-ray luminosities are calculated assuming a distance of 550 pc. h = hard band (2-8 keV); t = total band (0.5-8 keV). Absorption- 
corrected luminosities arc subscripted with a c. 



Table 4. Optical and NIR Counterparts 



Field Seq 


CXOU J 


NOMAD 


Sepl 


Mah04 V 








2MASS 


Sep2 


,7 


H 


Ks 


Fl 


# 






(") 


(mag) 


(mag) 


(mas/yr) 


(mas/yr) 




(") 


(mag) 


(mag) 


(mag) 




(1) (2) 


(3) 


(4) 


(5) 


(6) (7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


I 1 


135657.01-395349.7 


























I 2 


135702.10-395409.6 


























I 3 


135703.91-395455.0 


























I 4 


135704.65-400123.2 


























I 5 


135706.07-395822.2 


0500-0310911 


0.4 




18.72 


















I 6 


135708.01-395821.9 


























I 7 
I 8 


135709.47-400142.7 
135709.55-400528.4 


























I 9 


135711.34-400234.7 


0499-0310261 


0.2 


13.76 


14.12 


-9.6±6.1 


-2.6±6.2 


13671132-4002345 


0.2 


11.83±0.02 


11.25±0.02 


11.13±0.02 


AAAOOO 


I 10 


135712.03-400060.2 


0499-0310267 


0.5 


16.67 


15.78 






13671203-4000504 


0.1 


13.26±0.02 


12.56±0.03 


12.38±0.02 


AAAOOO 


I 11 


135712.31-400026.6 


























I 12 


135713.12-400754.7 


























I 13 


135716.11-400000.8 


























I 14 


135716. 7,5-39,'')234. 2 


























I 15 


135716.93-400049.7 


























I 16 


135717.03-396667.1 


























I 17 


135717.06-396710.6 


0500-0310988 


0.8 


3-2 17.47±0.02 


16.32±0.02 


O.Oill.O 


-22.0±6.0 


13671708-3957103 


0.3 


13.97±0.03 


13.15±0.02 


12.87±0.03 


AAAOOO 


I 18 


135717.70-400067.7 


























I 19 


135719.53-396643.6 


























I 20 


135719.80-395426.2 






















1 ■ ■ ■ 




I 21 


135721.59-395255.1 






















12.7Ti0.03 




I 22 


135722.99-400609.8 
























I 23 


135723.21-396749.6 


0500-0311006 


0.6 


16.93 


16.93 






13672321-3957498 


0.2 


13.68±0.02 


12.95±0.02 


AAAOOO 


I 24 


135724.23-400112.3 






















1 
1 




I 25 


135724.84-395512.0 


























I 26 


135725.67-395608.0 


0500-0311013 


0.2 










13572565-3956081 


0.2 


14.00±0.07 


12.87±0.06 


12.35±0.03 


AAAccc 


I 27 


135725.84-395837.2 


0500-0311014 


0.1 




13.40 


-6.2±5.2 


3.7±5.2 


13572583-3958372 


0.1 


12.16±0.02 


11.86±0.02 


11.82±0.02 


AAAOOO 


I 28 


135725.96-395303.0 


























I 29 


135726.01-395627.0 


0500-0311015 


0.6 




18.29 






13572601-3956271 


0.1 


14.84±0.03 


13.44±0.03 


12.63±0.02 


AAAOOO 


I 30 


135726.93-400469.3 


























I 31 


135727.30-395714.8 


























I 32 


135727.52-400032.1 


























I 33 


135727.84-395602.5 


























I 34 


135728.00-400845.9 


























I 35 


135728.46-400500.6 


0499-0310386 


0.8 


7-1 17.85±0.04 


16.55±0.04 






13572847-4()()5()17 


1.1 


13.70±().03 


13.06±0.02 


12.7S±0.02 


AAAOOO 


I 36 


135732.16-395836.4 


0500-0311033 


0.7 


16-2 18.70±0.03 


17.30±0.02 






13573216-3958363 


0.1 


14.84±0.03 


14.20±0.04 


13.95±0.06 


AAAOOO 


I 37 


135733.02-396762.6 


























I 38 


135734.10-400300.4 


























I 39 


135734.99-395130.0 


























I 40 


135735.90-395518.4 


























I 41 


135737.47-395559.8 


0500-0311042 


0.4 










13573749-3955595 


0.4 


16.60±... 


15.65±0.16 


14.71±0.11 


UCAOOO 


I 42 


135738.2,5-395948.1 


0500-0311046 


0.6 










13673821-3959477 


0.6 


16.13±0.11 


14.40±0.04 


13.68±0.04 


AAAOOO 


I 43 


135738.39-400153.9 


























I 44 


135738.44-400347.6 


0499-0310421 


0.5 




18.92 


-4.0±69.0 


-26.0±0.0 


13673842-4003475 


0.2 


16.32±0.06 


14.34±0.06 


14.14±0.06 


AAAOOO 


I 45 


135738.92-395558.4 


0500-0311046 


0.3 










13573892-3955587 


0.3 


16.23±0.07 


12.46±0.08 


lO.lliO.ll 


AEBOOO 


I 46 


135738.96-395601.2 


0500-0311047 


0.4 










13573895-3956007 


0.4 


14.84±... 


12.07±... 


10.42±0.03 


UUEOOc 


I 47 


135739.74-395403.7 


0500-0311048 


0.4 


22-2 18.10±0.02 


16.85±0.03 






13573973-39,54035 


0.3 


14.14±0.03 


13.52±0.03 


13.27±0.03 


AAAOOO 


I 48 
I 49 


135740.17-400325.0 
135740.72-400130.6 


0499-0310428 


0.5 


15-1 18.19±0.05 


16.86±0.04 






13574017-4003250 


0.0 


14.45±0.02 


13.71±0.04 


13.52±0.04 


AAAOOO 



Table 4 — Continued 



Field 


Seq 


CXOU J 




NOMAD 


Sepl 


Mah04 


yd 












2MASS 


Sep2 




J 




H 


Ks 


Fl 




# 










(") 




(mag) 


(mag) 




(mas/yr) 


(mas/yr) 




(") 




(mag) 




(mag) 


(mag) 




(1) 


(2) 




(3) 




(4) 


(5) 


(6) 


(7) 


(8) 




(9) 


(10) 




(11) 


(12) 




(13) 




(14) 


(15) 


(16) 




50 


135741 


23-400137 


5 


0499-0310431 


0.4 






18 


92 








13574121-4001377 


0.4 


14 


56±0 


03 


13.86±0.04 


13.64±0.05 


AAAOOO 




51 


135741 


35-400502 


6 


0499-0310433 


0.9 






18 


57 








13574135-4006027 


0.2 


16 


12±0 


05 


14.66±0.07 


14.23±0.09 


AAAOOO 




52 


135741 


76-400239 









































53 


135741 


91-400605 









































54 


135742 


28-395846 


7 






































55 


135742 


89_4()()227 


4 


0499-0310438 


0.0 




17.63 


15 


62 


-10.4±5.1 


-4 2i5 


4 


13574288-4002273 


0.2 


13 


11±0 


02 


12.4S±0.03 


12.27±0.02 


AAAOOO 


I 


56 


135743 


83-395404 


6 


0500-0311054 


0.3 
















13574381-3954045 


0.3 


14 


94±0 


04 


13.69±0.04 


13.27±0.03 


AAAOOO 


I 


57 


135743 


94-395847 


1 


0500-0311055 


0.2 




10.26 


9 


75 


-31.9±1.2 


-32 lil 




13574395-3958471 


0.0 


8 


87±0 


01 


8.07±0.09 


7.26±0.06 


AAAccc 


• 


58 


135744 


13-395844 


1 


0500-0311066 


0.1 




10.70 












13574412-3968441 


0.1 


8 


57±0 


07 


8.01±... 


7.15±... 


AUUcOO 


I 


59 


135744 


48-400445 


9 




































I 


60 


135744 


98-400154 


3 






































61 


135745 


11_4()(]1()7 





0499-0310446 


0.1 




16.16 


15 


57 


-17.0±5.4 


2.3=t5 




13574510-4001071 


0.2 


12 


66±0 


02 


11.89±0.02 


11.69±0.02 


AAAOOO 




62 


135747 


13-400631 


7 






































63 


135748 


43-395650 







































I 


64 


135749 




7 


0500-0311069 


0.4 


27-2 


19.20±0.03 


17.70±0 


02 








13574993-3955127 


0.0 


14 


87±0 


04 


13.95±0.04 


13.73±0.04 


AAAOOO 


I 


65 


1 ^5759 


62-400238 


1 




































I 


66 


135753 


12-395546 


7 


0500-0311079 


0.2 






18 


99 








13575312-3956467 


0.0 


17 


07±0 


21 


16.14±0.19 


15.58±0.22 


CCDOOO 


I 


67 


135753 


16-400148 








































68 


135753 


75-395730 


9 


0500-0311080 


0.3 


28-2 


20.7S±0.06 


18.99±0 


04 








13575374-3957308 


0.2 


15 


73it() 


08 


14.98±().07 


14.63±0.11 


AAAOOO 


I 


69 


135754 


33-395522 





0500-0311083 


0.1 


29-2 


14.83±0.01 


13.80±0 


01 


-9.8±5.2 


-1.0±5 


2 


13575434-3955220 


0.1 


11 


70±0 


02 


10.99±0.02 


10.74±0.02 


AAAOOO 




70 


135754 


49-400430 


3 


0499-0310486 


0.1 




14.22 


10 


68 


-18.0±5.4 


-9.3i5 


2 


13575447-4004303 


0.2 


11 


93±0 


02 


11.19±0.02 


10.93±0.02 


AAAOOO 




71 


135754 


52-395735 


7 
































. . • 






72 


135755 


70-395923 


2 


0500-0311091 


0.4 


30-2 


19.66±0.04 


17.78±0 


02 








13675568-3969230 


0.3 


14 


29±0 


03 


13.49±0.03 


13^26±0.04 


AAAOOO 




73 


135755 


86-395354 





0501-0308284 


0.6 






18 


02 


-22.0±6.0 


-12.0il0 


Q 


13575588-3963638 


0.4 


16 


14±0 


09 


16.22±0.10 


15.i9±0.17 


AACcOO 




74 


135756 


05-400418 


7 


0499-0310492 


0.7 




10.08 


8 


07 


-10.2±0.9 


-1.4±1 


4 


13575601-4004192 


0.7 


9 


71±0 


02 


9.66±0.02 


9.57±0.02 


AAAOOO 




75 


135757 


00-395210 








































76 


135757 


23-400434 









































77 


135757 


86-400034 


5 






































78 


135758 


38-395313 


5 






































79 


135758 


41-395921 


8 


0500-0311111 


0.1 


34-2 


14.60±0.01 


13.63±0 


01 


-6.4±6.2 


-4.6±5 


2 


13675840-3969217 


0.1 


11 


97±0 


02 


11.30±0.02 


11.04db0.02 


AAAOOO 




80 


135800 


02-396551 


3 


0500-0311124 


0.6 


37-2 


17.32±0.02 


16.06±0 


01 


6.0±15.0 


-12.0±4 





13580000-3966616 


0.3 


13 


39±0 


02 


12.64±0.02 


12.36±0.02 


AAAOOO 


! 


81 


135803 


45-395750 


4 


0500-0311163 


0.2 




9.12 


8 


66 


-12.8±1.0 


-11. Oil 




13580345-3967603 


0.1 


7 


39±0 


01 


6.97±0.05 


6.78±0.02 


AAAOOO 




82 


135805 


13-400316 


4 






































83 


135805 


27-395928 


2 






































84 


135805 


93-395357 


6 


0501-0308376 


0.5 




16.03 


12 


27 








13580592-3963682 


0.6 


14 


67±0 


08 


13.91±0.09 


13.30±0.08 


AAAOOO 




85 
86 


135806 
135808 


86-400336 
18-396949 


6 
8 






































87 

88 


135808 

135809 


79-395335 

96-395243 


5 

9 


0501-0308405 


1.1 






19 


03 


























89 


135814 


01-400338 


1 






































90 


135818 


24-395640 


5 


0500-0311275 


0.9 




17.17 


17 


21 








13581826-3956415 


1.0 


14 


59±0 


03 


13.98±0.04 


13.76±0.05 


AAAOOO 




91 


135819 


05-396743 


6 






































92 


135825 


59-396819 





0500-0311326 


1.2 






18 


32 








13582566-3968193 


0.9 


16 


06±0 


04 


14.41±0.04 


14.18±0.07 


AAAOOO 




93 


135828 


51-396703 


9 






































1 


135650 


79-393750 


1 






































2 
3 


135705 
135723 


32-394644 
05-393733 




5 


0502-0308192 


0.3 




17.36 


16 


98 








13570530-3946441 


0.2 


14 


16±0 


03 


13.29±0.03 


12.68±0.02 


AAAOOO 




4 


135724 


13-395112 


6 






































5 


135724 


90-393660 


3 


0504-0309673 


1.2 




9.48 


9 


39 


-8.0±1.0 


-7.1±1.0 


13572492-3936492 


1.2 


9 


18±0 


03 


9.07±0.03 


9.02±0.03 


AAAOOO 



Table 4 — Continued 



Field 


Scq 


CXOU J 




NOMAD 


Scpl 


Mah04 








Ma 


2MASS 


Sgp2 


J 


H 




Fl 




# 








(") 




(mag) 


(mag) 


(mas/yr) 


(mas/yr) 




{") 


(mag) 


(mag) 




(mag) 


(1) 


(2) 


(3) 




(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 




(15) (16) 


II 


6 


135733.00-394652 


4 




























11 


7 


135740.45-393543 


1 


0504-0309808 


0.9 






18.95 


14.0±21.0 


-36.0±3.0 














II 


8 


135747.35-394730 


1 


0602-0308546 


0.7 




14.74 


14.47 


-12.2±5.4 


10.9±5.5 


13574730-3947305 


0.7 


12.55±0.03 


11.90±0 


02 


11.73±0.02 AAAOOO 


II 


9 


135753.08-394332 


1 


0502-0308588 


0.4 






19.42 


















II 


10 


135800.20-395003 


8 


0501-0308317 


0.7 




15.08 


15.21 


-11.6±5.2 


0.8±5.1 


13580020-3950044 


0.6 


12.75±0.02 


12.09±0 


02 


11.87±0.03 AAAOOO 


II 


11 


135802.32-395002 


4 




























II 


12 


135808.06-394319 


4 


0502-0308710 


0.6 




17.41 


11.38 


-30.4±1.5 


-7.2±2.1 


13580805-3943200 


0.6 


10.28±0.02 


9.97±0 


03 


9.94±0.02 AAAOOO 


II 


13 


135809.81-393544 


4 




























II 


14 


135817.30-394226 































III 


1 


135545.24-394715 


6 




























III 


2 


135609.27-394516 


7 




























III 


3 


135612.23-394503 


3 




























III 


4 


135617.60-393918 


2 


0503-0304712 


1.0 




17.53 


14.33 


-28.0±7.0 


-20.0±20.0 


13561764-3939181 


0.5 


10.94±0.02 


10.2S±0 


02 


10.03±0.02 AAAOOO 


III 


5 


135628.82-393944 


9 




























III 


6 


135629.78-394000 


5 


0503-0304807 


1.8 






18.98 


-60. Dili. 


-32.0±10.0 


13562990-3940005 


1.4 


16.42±0.13 


16.11±0 


22 


16.91±... BDUOOO 


III 


7 


135645.86-394551 


7 


0502-0308035 


0.7 




16.72 


16.87 






13564584-3945510 


0.7 


15.49±0.06 


15.04±0 


07 


14.98±0.13 AABOOO 


III 


8 


135647.84-394456 





0602-0308051 


0.4 




17.39 


13.22 


-31.4±5.1 


-24.5±5.1 


13564783-3944555 


0.5 


10.32±0.02 


9.67±0 


03 


9.36±0.02 ' AAAOOO 


III 


9 


135653.62-394307 


8 


0502-0308095 


1.6 






18.23 
















... j:^ ... 

, _ to 


IV 


1 


135542.11-400258 


4 


























IV 


2 


135543.16-395930 


6 


0500-0310205 


0.3 






18.98 


















IV 


3 


135544.12-395818 


1 


0500-0310215 


0.4 




12.93 


12.43 


-21.9±5.1 


-10.2±5.1 


13554414-3958184 


0.4 


11.06±0.02 


10.59±0 


03 


10.47±0.02 AAAOOO 


IV 


4 


135600.77-400040 


8 




























IV 


5 


135608.75-395440 


9 




























IV 


6 


135628.52-400022 


6 




























IV 


7 


135632.73-395830 


6 




























IV 


8 


135635.51-395647 


6 




























IV 


9 


135637.93-395810 


7 




























IV 


10 


135640.74-400710 


2 




























IV 


11 


135644.43-400004 


1 


0499-0310040 


0.6 






19.03 


















IV 


12 


135705.14-400351 


4 


0499-0310205 


1.8 






18.97 



















Note. — Column 1: Chandra ACIS-I fields surveyed in the CG 12 region (I - primary pointing; II, III, and IV - secondary pointings). Column 2: X-ray source number. Column 3: lAU designation. Column 4: 
NOMAD identifier. Column 5: O^iandr a- NO MAD positional offset. Column 6: Source identifier from fMaheswar et al ] J2004fl in the format: star number - region number. Columns 7-8: V and R magnitudes, see 
the text note^ below for details. Columns 9-10: "Best" proper motions and their mean errors from catalogs compiled in NOMAD. /Aq* — fi^, X cos((5). Column 11: 2MASS name. Column 12: C handr a-2M ASS 
positional offset. Columns 13-15: 2MASS JHK^ magnitudes and their formal statistical errors. Column 16: 2MASS photometry quality and confusion-contamination flag. 

^When formal statistical errors are given, V and R magnitudes are from fMaheswar et all i2004|) . V magnitudes for 3 B-type stars, I_57, I_58, and I_74, are from fwilliams et al.] j 19771 ) . Otherwise V and R 
magnitudes are from NOMAD catalog, in which case all V magnitudes except for the Chandra source I_81 arc from YB6 {— USNO unpublished) catalog, and all R magnitudes except for the Chandra source 
I_57 arc from USNO-Bl.O catalog {R magnitudes from USNO-Bl.O are second red magnitudes R2, except for the Chandra sources I_70 and II_9, for which it is a first red magnitude R\). For the Chandra 
source I_81 V magnitude is from Tycho-2 catalog, and for the Chandra source I_57 R magnitude is from UCAC2 catalog. 
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Table 5. B-type members of the stellar group northwest of CG 12 



ID 


R.A. (J2000.0) 


Decl. (J2000.0) 


Sp. Type 


V 


Ks 


TT 




(hh:mm:ss.ss) 


(dd:mm:ss.ss) 




(mag) 


(mag) 


(mas) 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


HD 120958 


13:53:28.228 


-39:03:25.92 


B3Vne 


7.61 


7.613 


2.20 ±0.85 


HD 120124 


13:48:15.113 


-38:34:12.43 


B8V 


9.19 


9.384 




HD 119627 


13:45:00.702 


-38:28:52.39 


B7IV/V 


8.94 


9.006 




HD 119484 


13:44:13.497 


-38:46:29.62 


B8IV/V 


9.38 


9.332 




HD 119338 


13:43:25.294 


-38:15:23.55 


B5V 


8.91 


9.177 


1.76 ± 1.01 


HD 119277 


13:43:00.718 


-38:20:08.45 


B9 


8.81 


9.053 





Note. — Column 1: Source identification from HD catalog. Columns 2-5: Source position, 
spectral type, and V magnitude from SIMBAD. Column 6: Kg magnitude from 2MASS 
catalog. Column 7. Parallax from SIMBAD. 



-44- 




Fig. 1. — An optical image covering ~ 1.8° x 1.8° of the CG 12 neighborhood from the 
Digitized Sky Survey (DSS). The four Chandra ACIS-I fields, 17' x 17' each, are outhned 
and labelled. A dark molecular cloud lies in the head of the globule, and is superposed by 
three nebulous reflection nebulae: NGC 5367 (=GN 13.54.7), GN 13.54.9, and B77 146. 
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Fig. 2. — Adaptively smoothed RO S AT-PSPC image of the CG 12 neighborhood with 
logarithmic gray scales. The four ACIS-I Chandra fields are outlined and labelled. The 
~ 2° in diameter i^O-S AT-PSPC field of view is outhned by the white circle. About 30 
X-ray point sources are seen on the image. 
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Fig. 3. — Mosaicked and adaptivcly smoothed Chandra ACIS-I image of the CG 12 neigh- 
borhood. Smoothing has been performed in the full 0.5 — 8.0 keV band at the 2.5(T level, 
and gray scales are logarithmic. The four ACIS-I fields are outlined and labelled; most of 
the 128 X-ray sources can be seen. 
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McdE (kcV): [0.5-1.41, f ' ' <^-2-0], [2.0-2.5] and [2.5-8.0] 

CR (counts/ks): [<0.4] [0.4-0.8] [0.8-1.2] [1.2-1.6] [1.6-2.0] [>2.0] 

• • • • 




58:00 57:UO 13:56:00 

R.A. (J2000) 



Fig. 4. — Schematic representation of the X-ray source properties in four dimensions: R.A., Decl., median 
energy, and count rate. The code for symbol colors is given at the top. Symbol size is scaled to source 
count rate so that weakest sources with CR < 0.4 cts s~^ are represented by smallest circles and CR > 2 
cts s^"'^ by the largest circles. The magenta contour outlines the optical nebulae i n the head of the g lobule 
seen in Figure [TJ The grey contour marks the C^®O(l-0) emission measured by Haikala fc Olberg ( 200d ) 
with contour intervals of 0.3 K km/s which roughly corresponds to 1 mag of visual absorption through 
the cloud. X-ray sources with ONIR counterparts are outlined by □; most of the others are extragalactic 
contaminants. Panel a: The four C/tandr a fie l ds. Panel b: Close-up view of the primary f ield. Reflection 



nebulae are labelled in m agenta (Bernes 1977 : Neckel fc Vehrenberg 1990 : Magakian 2003h and molecular 



cores are labelled in grey (jHaikala fc Olbersll2006l ). 
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Fig. 5. — X-ray count rate versus X-ray median energy for the 128 Chandra sources. Field I 
sources are represented by star symbols and Field II— IV sources are shown as circles. X-ray 
sources with optical counterparts are outlined by □. 
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Fig. 6. — Comparison of photographic i?-band magnitudes (after linear transformation) with 
CCD magnitudes for 120 control optical sources lying in the CG 12 field. Dashed lines show 
Rnomad,c ~ RmOA values of -0.2, 0, and 0.2. 
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Fig. 7. — R and K band color- magnitude diagram for 32 Chandra sources with relatively 
good photometry. Black stars show sources from Field I and open circles show sources from 
Fields II— IV. Sources labelled in red are unabsorbed with MedE < 1.2 keV [Ay ~ mag), 
and sources labelled in green are lightly absorbed with 1.3 < MedE < 1.8 keV [Ay ~ 
0.5 — 5 mag). The dashed-dotted line is a reddening vector of Ay = 2 mag. The blue solid 
and dashed black lines, respectively, are PMS evolutionary isochrones for ages 1, 3, 5, 10, 



30, 5 Myr, and evolutionary mass tracks for masses 0.1, 0.2, 0.5, and 1.0 (jSiess et al. 



2000l ). The black solid line gives the zero age main sequence locus. A distance of 550 pc to 



CG 12 is assumed. 
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Fig. 8. — JHKg color-color diagram for 43 Chandra sources with reliable NIR photometry. Primary field 
sources are marked as black stars and secondary field sources as open circles. Sources of special interest or 
with large errors are labelled. Grey and black solid lines show PMS isochrones transformed to the 2MASS 
photometric system, for ages 1 and 50 Myr, respectively. Dashed lines are reddening vectors originating 
from those isochrones at ~ 0.075 and 0.75 Mq, marked at intervals of Ay = 2 ma g. The thick grey line in 
the upper panel is the rightmost reddening vector for objects from the CTT locus ([Mever et al.lll997l ). 
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Fig. 9. — (a) Known proper motions from the NOMAD catalog for > 3000 control stars 
inside the Chandra fields (grey circles) and for 17 Chandra sources with proper motions 
known within ±10 mas yr^^ precision (11 from the primary field shown as black *, and 6 
from the secondary fields marked by black open o). (b) Proper motions in Decl. for 23 
Chandra sources (x) with the eight most reliable values outlined by □ and labelled, and for 
sources from Besangon model simulated within the distance of 1 kpc from the Sun (grey o). 
Distances for Chandra sources are randomly assigned between 0.5 — 0.6 kpc. 
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Fig. 10. — X-ray luminosity (Lt^c) plotted against stellar mass for 12 unobscured X-ray T- 
Tauri stars, assuming 5 different distances to CG 12: Q red line for d = 300 pc; A and 
green line for d = 400 pc; x and cyan line for d = 500 pc, □ and blue line for d = 550 pc; 
o and violet line for d = 630 pc. Regression lines exclude source 7^12. Red error bars 
indicate uncertainties on log L^^c and log M/Mq at = 300 pc, and are similar for other 
distances. The solid black line is a regression fit for PMS stars in the Orion Nebula Cluster 
with standard deviation shown by the grey lines. 
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Fig. 11. — Photometric isochronal age estimates and their formal errors for the unobscured 
population of low-mass X-ray stars in CG 12 for primary field (^) and secondary field (o) 
sources. 
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Fig. 12. — (a) IRAS 100/xm image (~ 40° x 40°) with the Chandra fields marked as small 
white squares. The wall of the giant IRAS loop GIRL G318 + 32 is marked by the magenta 
circle. B-type stars from the HD catalog are marked by green circles, and those inside the 
loop with estimated photometric distances of 350 < d < 700 pc from the Sun are indicated 
by red + symbols. Radio pulsars are shown with cyan x. (b) Close-up view (~ 3.5° x 3.5°) 
of CG 12 and a nearby group of B stars from DSS: A - HD 120958, B - HD 120124, C 
- HD 119627, D - HD 119484, E - HD 119338, and F - HD 119277. The tail axis of the 
CG 12, marked as white dashed line, passes right through HD 120958. 



